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INTRODUCTION 

Although it is generally perceived that organometallic complexes are 
only stable in the absence of water, there is a growing interest in the use 
of water as both a reagent and a solvent for reactions involving such 
compounds. Whereas in some cases it is clear that this solvent acts destruc¬ 
tively on organometallic complexes, there are other cases where the com¬ 
plexes are stable. For transition metals, the organometallic compound 
methylcobalamin has long been known to be stable in an aqueous environ¬ 
ment (/), and for the main group elements both methylmercury and methyl- 
lead compounds are stable (2). In general for transition-metal systems, 
water-soluble organometallics are known for the kinetically inert metal 
ions. 
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More recently there has been a strong growth of interest in the use of 
transition metals as homogeneous catalysts in aqueous solution. These 
processes involve the intermediacy of organometallic compounds for cases 
where the catalysts are simple transition-metal halide salts or where the 
metal complexes contain water-soluble tertiary phosphines as ligands 
(3,4). 

Water as a solvent offers a number of variations to those offered by 
organic solvents. Because of its high dielectric constant and its ability to 
hydrate strongly both cations and anions, it is a solvent that strongly favors 
ionic reactions. Structurally, water has only O-H bonds. The enthalpy of 
this bond is 436 kJ mol -1 , which is a very high value for a single bond. 
A consequence of this high bond enthalpy is that water is an excellent 
solvent for carrying out free-radical reactions because in order for a radical 
to abstract a hydrogen atom from water, the bond enthalpy of the bond 
formed between the new heteroatom and hydrogen must be greater than 
that of the O-H bond. 

In this review we consider both the organometallic compounds that can 
be obtained in aqueous solution and the catalytic systems that can be 
used in this solvent. An attempt is made to correlate the two topics such 
that parallels can be drawn between the reactions that are observed in 
aqueous solution and the catalytic processes that can be used. 

II 

METAL ALKYLS 

A. Alkylchromium(lll) Complexes 

A series of alkylchromium(III) complexes have been prepared in aque¬ 
ous solution. These complexes can be synthesized by reaction of the 
chromium(II) precursor with alkyl halides (Eq. 1) or alkyl radicals (Eq. 
2) (5,6). Both of these schematic routes have been used to synthesize the 

2 Cr(ll) + RX Cr(lll)X + Cr(lll)R (1) 

Cr(ll) + R’ -> Cr(lll)R (2) 

alkyl complexes CrR(H 2 0) 5 2+ . In the first case, with RX, the reaction 
sequence is a stepwise one, where the initial step involves halogen atom 
abstraction from the alkyl halide, followed by the trapping of the alkyl 
radical by a second molecule of the chromium(II) complex (Scheme I). The 
formation of alkyl complexes CrR(H 2 0) 5 2+ by trapping of the chromium(II) 
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Cr(ll) + RX -+ Cr(lll)X + R‘ 

Cr(ll) + R' -» Cr(lll)R 
Scheme 1. 


hexaquo complex (Eq. 3) with alkyl radicals occurs for a wide range of 
R-groups. The complexes CrR(H 2 0) 5 2+ are identified by absorption bands 
at 390-405 nm (e = 200-400 L mol -1 cm' 1 ), 270-290 nm (e = 2-4 x 10 3 
L mol -1 cm -1 ) and 520-570 nm (e = 10-40 L mol -1 cm' 1 ). The log of the 

Cr(H 2 0)g + + R- -> CrR(H 2 0)f + H 2 0 (3) 

rate constant (L mol' 1 sec' 1 ) for the different R-groups covers the range 
between 7.5 and 8.2 (6). The reaction shows a small positive volume of 
activation, which supports a pathway where chromium-carbon sigma- 
bond formation is controlled by solvent exchange on Cr(H 2 0) 6 2+ . The 
reaction therefore follows an l d mechanism (7). Macrocyclic Cr(II) com¬ 
plexes CrL(H 2 0) 2 2+ (L = [14]aneN 4 ) (Fig. 1) undergo similar reactions 
with alkyl halides RX to give CrXL(H 2 0) 2 2+ and CrRL(H 2 0) 2+ (Eq. 4). 

2CrL(H 2 0)| + + RX -> CrRL(H 2 0) 2+ + CrXL(H 2 0) 2+ + 2H 2 0 (4) 

Although there is a linear correlation between the reduction potentials of 
RX and the rate constants for their reaction with CrL(H 2 0) 2 2+ , the pathway 
involves atom transfer and not electron transfer (5). An electron transfer 
pathway initially to give X' and a kinetically inert Cr(III) complex would 
not result in subsequent substitution to give the product CrXL(H 2 0) 2+ . 

The alkyl complexes CrR(H 2 0) 5 2+ undergo substitution reactions with 
either neutral ligands L or anions X'. For the case of ethylenediamine 
as a neutral ligand, substitution leads to the formation of the complex 
CrR(en) 2 2+ (Eq. 5) (9). For the case of the thiocyanate ion, substitution 


2+ 



Fig. 1. 
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CrR(H 2 0)g + + 2 en -> CrR(en)| + + 5 H z O (5) 

gives the complex tra«5-CrR(NCS)(H 2 0)4 + (Eq. 6) (10). The complexes 
CrR(H 2 0) 5 2+ generally decompose by the reverse of reaction 3. Since the 
high strength of the Cr-R bond frequently leads to this homolysis being 

CrR(H 2 0)j + + NCS' -> frans-CrR(NCS)(H z O)f + H z O (6) 

thermodynamically unfavorable, the reaction may occur only upon the 
addition of radical scavengers. The rates for this homolysis reaction are 
dependent on the nature of the R-group, with aralkyl and secondary alkyl 
derivatives being the most reactive. The primary alkyl complexes do not 
undergo significant homolysis. For the homolysis of the benzyl derivatives 
Cr(CH 2 C 6 H 4 X-4)(H 2 0) 5 2+ , the reaction rate is lower when the substituent 
X is an electron-withdrawing group (11). Pulse radiolysis has been used 
effectively to determine the equilibrium constants for the homolytic cleav¬ 
age of metal-carbon bonds. This kinetic method gives AH* for the homoly¬ 
sis reaction. Taking this value as being a measure of the metal-carbon 
bond enthalpy, however, assumes that the radical recombination occurs at 
a rate close to the diffusion-controlled limit and has a negligible activation 
energy (12-14). The equilibrium constants for the Cr-R bond homolysis 
in CrR(H 2 0) 5 2+ for different R-groups are given in Table 1. These values 
for K do not correlate either with the redox potential of the group R or 
with the activation energy for the homolytic cleavage of the corresponding 
substituted ethanes. 

The complexes CrR(H 2 0) 5 2+ can also decompose by a heterolytic path¬ 
way (Eq. 7). The reaction rate for this pathway has terms that are both 

CrR(H 2 0)f + H 2 0 -> Cr(0H)(H 2 0)| f + RH (7) 

first-order and independent of [H + ]. In addition, the less-reactive alkyl 
complexes have heterolysis pathways that involve catalysis by sulfate 


TABLE I 

Equilibrium Constants for the Cr-R 
Homolysis in CrR(H 2 0)5 + 


R 

K (mol 

dm 3 ) 

CH 2 OH 

2.3 x 

l(T n 

CH(Me)OH 

1.1 X 

10" 

C(Me) 2 OH 

2.5 x 

10“ 9 

CH(Me)OEt 

5.9 x 

10" 
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(H 2 0) 5 CrCMe 2 0H 2+ + X“ (H20) 4 XCrCMe 2 0H + + H 2 0 

H 2 o| h 2 o| 


(H 2 0) 5 CrOH 2+ + CHMe 2 OH (H20) 4 XCr0H + + CHUfcjjOH 

Scheme 2. 


ion. The uncatalyzed heterolysis pathway for a range of alkyl groups have 
AH* = 21 ± 2 kcal mor 1 and AS* = -13.5 ± 5 cal mol" 1 K“’ (75). 
Acetate and similar anions catalyze this heterolysis reaction by trans 
labilization of the Cr-R bond (16-18). The presence of acetate ion also 
decreases the rate of reaction between Cr(H 2 0) 5 2+ and alkyl radicals (R) 
to give alkylchromium(III) complexes CrR(H 2 0) 5 2+ . This decrease corre¬ 
sponds with the reactive monomeric chromium(II) aquo complexes being 
converted by acetate ion into higher aggregates. Under high pressure, 
dissociation to monomers occurs and the reaction rate with alkyl radicals 
increases correspondingly (79). The heterolysis reaction can, however, 
become more dominant by the addition of aqueous chromium(II), which 
suppresses the homolysis of the Cr-R bond. 

For the anion-catalyzed heterolysis reaction with the complex 
(H 2 0) 5 Cr(CMe 2 0H) 2+ , the catalytic effect increases with basicity of the 
anion. The activation volumes are all positive, in support of a dissocia- 
tively activated heterolysis mechanism. Overall, the decomposition mech¬ 
anism involves parallel pathways whereby hydrolytic cleavage occurs at 
both (H 2 0) 5 Cr(CMe 2 0H) 2+ and the more-reactive substituted complex 
(H 2 0) 4 XCr(CMe 2 0H) + (Scheme 2). 

Alkylchromium(III) complexes having alkyl groups that contain /3-hy¬ 
drogen and hydroxyl groups can decompose by an acid-catalyzed /3-hydro- 
gen transfer pathway. For the complex (H 2 0) 5 Cr{CH(R)CH 2 0H} 2+ (R = 
H, Me) in acidic solution, the decomposition products are Cr(H 2 0) 6 3+ and 
the alkene RCH=CH 2 , which are formed via the 7r-bonded alkene com¬ 
plex (Eq. 8) (20). The replacement of a hydrogen substituent by a methyl 


(H 2 0) 8 CrlCH(R)CHjj0H| 2+ (H 2 0) 5 Cr-J’ Cr(H z O)J + + RCH=CH 2 

tr'H 


(R=H, Me) 


(8) 
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group results in a decrease in the rate of this reaction. Since similar studies 
on alkyl-copper and -cobalt complexes lead to different effects (27,22); 
therefore the origin of this retardation effect in the reaction rate is un¬ 
certain. 

Organochromium complexes undergo a series of chemical reactions 
with electrophiles that result in cleavage of the Cr-R bond. The examples 
of such reactions shown in Scheme 3 result in transfer of the alkyl group 
to the electrophile and formation of Cr(H 2 0) 6 3+ . The protonation reaction 
to give RH is slower than that with halogens or mercuric ions (23). These 
organochromium(III) complexes also react with other radicals, such as 
molecular oxygen. The reaction with oxygen follows a chain mechanism. 
In the mechanism shown for this reaction in Scheme 4 with the 2-propyl 
complex Cr(CHMe 2 )(H 2 0) 5 2+ , the oxygen molecule acts to trap any free 
2-propyl radicals and convert them into hydroperoxyl radicals (24). Subse¬ 
quent reaction of these hydroperoxyl radicals with Cr(CHMe 2 )(H 2 0) 5 2+ 
gives Cr(00CHMe 2 )(H 2 0) 3 2+ and 2-propyl radicals. The final organic 
products are 2-propanol and acetone, with the radicals *CHMe 2 and 
*00—CHMe 2 being the chain-carrying intermediates. The inorganic prod¬ 
uct is Cr(H 2 0) 6 3+ , which is formed from the reaction of Cr(H 2 0) 5 2+ with 
oxygen in water. 


B. Alkylcobalt(lll) Complexes 

Alkylcobalt(III) complexes can also be synthesized in aqueous solution. 
Two of the best-known systems are methylcobalamin and a group of 
related cobaloximes, and alkylcobalt(III) complexes having ancillary cya¬ 
nide ligands. As with the chromium(III) system, alkyl cobalt(III) com¬ 
plexes having dimethylglyoxime (DMG) or cyanide ligands can be synthe¬ 
sized by reaction of the cobalt(II) precursor with alkyl halides (Scheme 


Cr(HgO)0 + + HgR + 

t* 2 * 

Cr(H z O$ + + RH CrR(HgO)| + Cr(HgO$ + + RX + X - 

RHg + 

C r (HgO)g + + HgRg 

Scheme 3. 
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Cr(CHMe 2 )(H 2 0) 5 ' 


Cr(H 2 0)5 + + 'CHMe 2 



5) (25). The reaction of the cobalt(II) complex Co(CN) 5 3_ with RX follows 
second-order kinetics, with the rate decreasing in the sequence RI > 
RBr > RC1. This sequence correlates with the bond enthalpies of the alkyl 
halides. The free-radical pathway for the reaction of Co(CN) 5 3 ~ with alkyl 
halides is shown in Scheme 6. The first step in Scheme 6 is the slow step; 
the second step is the fast one. For alkyl iodides the reaction rates follow 
the sequence PhCH 2 I < Me 3 CI > Me 2 CHI > EtI > Mel. Again, this 
ordering corresponds with the highest rates being observed for compounds 
having the weakest carbon-iodine bond enthalpies (25). 

Alkylcobalt(III) cobalamin-type complexes can be prepared in aqueous 
solution by reaction between the reduced vitamin B ]2r and organic halides 
(Eq. 9) (26,27). The reaction of vitamin B 12r with organic iodides in aqueous 

2 B 12r + RX —> r-b 12 + B 12a + X' (9) 

solution, while exhibiting the same stoichiometry as in methanol, shows 
different kinetic behavior. In methanol as solvent, a second-order rate 


Co(II)L 5 + RX -> Co(III)XL 5 + R 
Co(II)L 5 + R -> Co(III)RL 5 
2 Co(ll)L s + RX -> Co(III)XL 5 + Co(lll)RL 5 
Scheme 5. 
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Co(CN)f-+ RX h. CoX(CN)|' + R' 
Co(CN)f- + R' -> CoR(CN)|' 


2 Co(CN)|" + RX -> CoX(CN)|' + CoR(CN)|‘ 
Scheme 6. 


law (Eq. 10) is observed; in aqueous solution, a third-order rate law (Eq. 
11) is found. This third-order rate law has been explained on the basis of 

-d[B 12r ]/dt = 2k[B 1Zr ][RX] (10) 

-d[B, 2r ]/dt = 2k[B 12f ] z [RX] (11) 

the mechanism shown in Scheme 7. This pathway involves a pre-equilib¬ 
rium step where the initially formed adduct B 12 ,.RI reacts with a second 
molecule of B l2r to give the observed products. 

Pulse radiolysis has been used to study the transient formation and 
decomposition of cobalt-alkyl bonds in aqueous solution in the same 
manner as it has been used for chromium alkyls. And as for chromium 
alkyls, bond homolysis is a major decomposition pathway (28). For bond 
formation reactions, pulse radiolysis shows that they are assisted by in¬ 
creases in pressure. This feature results from the homolysis having a 
larger activation volume than the bond formation reaction, resulting in a 
significantly negative overall reaction volume for the process (29). In 
general for all of these metal-alkyl bond homolysis reactions of the aquo 
complexes, steric hindrance facilitates the reaction. Ligand effects also 
play a role, but the factors involved are more subtle. 


C. Alkylplatinum(lll) Complexes 

Stable water-soluble alkyldiplatinum(III) complexes are known where 
the bridging ligand is a pyrophosphite. The iodomethyl diplatinum(III) 
complex has been prepared by the addition of methyl iodide to the tetrakis 


B^r + Rl ** Bi2r-RI 


B 12r .RI + B 12r -► R-B, 

Scheme 7. 
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(/i-pyrophosphito-/ > ,/ > '-)diplatinum(II) tetraanion Pt 2 (pop) 4 4 “ (Eq. 12). 


On 

pt pt' 

<>£) 


On 

Me-Pt-Pt-I 



HO. o /OH 

V x 
0 // - _ 0 


) 


( 12 ) 


This reaction can even be carried out in strongly acidic solution, since 
the iodomethyl complex is stable in such conditions. No evidence is found 
for protolysis of the platinum-methyl bond. For higher-homolog alkyl 
groups, the stability of the iodoalkyl complex is lower, and the reaction 
of Pt 2 (pop)/~ with higher alkyl iodides may give the diiodo diplatinum(III) 
complex rather than the iodoalkyl complex (Eq. 13). These reactions 

pPp? + 2 ri —► I-Pt^P?-I + r 2 (13) 

resemble the reaction of Co(CN) 5 3_ with alkyl halides, where a one-elec¬ 
tron oxidation occurs at each metal center (30). 


D. Metal-Carbonyl Complexes 

Hydrophilic functional groups have been attached to cyclopentadienyl 
groups, and these compounds used as rjMigands toward transition-metal 
carbonyls. Two complexes that have been prepared with such ligands are 
[(tj 5 -CjH 4 C0 2 H)W(C0) 3 ] 2 and [(tj 5 -C 5 H 4 CH 2 CH 2 NH 3 + )Mo(CO) 3 ] 2 (3/,32). 
Photolysis of these complexes in aqueous solution in the presence of 
added ligands L results in photodisproportionation of the complex 
and formation of 19-electron complexes (T) 5 -cp)M(CO) 3 L (M = Mo, cp = 
C 5 H 4 CH 2 CH 2 NH 3 + . M = W, cp = C 5 H 4 C0 2 H) (Eq. 14). These complexes 
act as reductants to Fe(CN)^ - , methyl viologen, and cytochrome c. 

V 2 [(q 5 -cp)M(CO) 3 ] 2 (r, 5 -cp)M(CO) 3 O <T, 5 -cp)M(CO) 3 L ^ 

(M = Mo, cp = C 5 H 4 CH 2 CH z NHJ. M = W, cp = C 5 H 4 C0 2 H) 


Metal-carbonyl complexes of the sodium salt of trisulfonated triphenyl- 
phosphine TPPTS (Section III-A) have also been synthesized. The prepar- 
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ative route involves photolysis of M(CO) 6 (M = Mo, W) with TPPTS in 
a coordinating solvent such as methanol (33). The complexes are stable, 
with the thermodynamics for TPPTS dissociation being comparable with 
PPh 3 in nonaqueous solvents. The dissociation of TPPTS can, how¬ 
ever, be accelerated by encapsulating the sodium ion of the ligand in a 
cryptand (34). 


Ill 

TERTIARY PHOSPHINES 

Since many organometallic compounds are stabilized by tertiary phos¬ 
phines and phosphites, then if organometallic chemistry is to find major 
applications in aqueous solution it is necessary that these complexes be 
made compatible with such a solvent system. Water-soluble phosphines 
can be prepared by incorporating sulfonate or phosphonate groups into 
the molecule. Phosphites, however, are not a particularly good choice of 
ligand for reactions to be carried out in aqueous solution because they 
undergo hydrolysis to give phosphonites (Eq. 15). The coordination and 

P(OR) 3 + H 2 0 -> PH(0)(0R) 2 + ROH (15) 

organometallic chemistry of phosphinites has been reviewed elsewhere 
(35,36), as has the use of tertiary phosphine complexes in aqueous solution 
as homogeneous catalysts (37-39). 


A. Synthesis 

A group of water-soluble tertiary phosphines that can be used as ligands 
to synthesize organometallic complexes soluble in aqueous solution are 
shown in Fig. 2. These individual phosphines can be synthesized by the 
sulfonation of triphenylphosphine, 1 (Eq. 16) (40); the reaction between 

pph ° as* 

SO3 N* + 


lithium diphenylphosphide and 2-chloroethyldimethylamine, 2 (Eq. 17) 
(41); the reaction between diphenylphosphide and sodium 2-bromoethyl- 
sulfonate, 3 (Eq. 18), or 2-bromoethyl-diethyl phosphonate, 4 (Eq. 19) 
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P-«^) Ph 2 P NMea 01 Ph 2 l '^/ S0 3 Ni 


p(ch 2 ch 2 oh) 3 


0 \_/ PPh 2 

6 

Fig. 2. 


HO-V PPh2 

0 


LiPPh 2 + Cl''V NMe 2 -- Ph 2 P^ NMe 2 

Ph 2 P^V' NMe 3 I 

LiPPhg + Br^ S0 3 Na+ -► Ph 2 P^ S0 3 Na+ (18) 

LiPPh 2 + Br ''V'P(0)(0Et)g -» ph 2 p 


| H 2° (19) 

Ph^ /V P (0)(0"Na + ) 2 

{42,43)\ the reaction between phosphine and formaldehyde, 5 (Eq. 20) 
{44)\ the acylation of bis[2-(diphenylphosphino)ethyl] amine followed by 

ph 3 + 3 ch 2 o > P(CH 2 OH) 3 (20) 

reaction with a nucleophile, 6 (Eq. 21) {45)\ and the oxidative hydrolysis 
of an anhydride, 7 (Eq. 22) {46). The alkylphosphines P[(CH 2 ) X (C 6 H 5 )] 3 
(x = 1, 2, 3, 6) undergo sulfonation at both the ortho and para positions 
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° 0 

J/^pwia . o _. .-A o 

^ VA, V^v 


/ S ' p P h 2 
V^ PPh 2 


■W-». 

0 \_ / pph 2 


0 

^V PPh 2 

SA Pp h 2 

0 


o 2 /oh“ 


HO-V"* 

“°yW 

0 


( 22 ) 


to give water-soluble derivatives. The pure para-substituted compounds 
PUCHjMCotVp-SOjNa)^ can be subsequently isolated (47). 

These compounds all act as regular tertiary phosphines and coordinate 
to metal ions via their electron pair on phosphorus. These phosphines 
find particular application in phase-transfer or homogeneously catalyzed 
reactions (Section IV-D). 


B. Metal Complexes 

Water-soluble transition-metal complexes of these tertiary phosphines 
have been synthesized by procedures analogous to those used for phos¬ 
phine complexes in nonaqueous solution. For oxygen-sensitive com¬ 
plexes, the high solubility of oxygen in water makes it particularly impor¬ 
tant to purge the solvent thoroughly with an inert gas prior to use. Since 
the tertiary phosphorus atom coordinates to form very stable complexes, 
only for the early transition metals must one be concerned that complex- 
ation will occur via the sulfonate group rather than via phosphorus. In 
essentially all cases, transition-metal complexes of these water-soluble 
tertiary phosphines have been synthesized for catalytic applications where 
water-soluble organotransition-metal complexes are important interme¬ 
diates. 
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IV 

HOMOGENEOUS CATALYSIS 

A. Transition-Metal Halides in Catalysis 

Salts of PtCll - in acidified aqueous solution catalyze hydrogen-deute¬ 
rium exchange in arenes (48). Temperatures in the 80-100°C range are 
used. For the exchange reaction of benzene in D 2 0/CH 3 C0 2 D, the rate 
is proportional to the concentration of both PtClJ - and benzene, and 
inversely proportional to the concentration of Cl - . The reaction is not 
catalyzed by the platinum(IV) complex PtCl^ (49,50). Because substituted 
benzenes show an ortho deactivating effect, and because substituents 
such as nitro groups do not significantly affect the exchange rate, the 
dissociative mechanism shown in Scheme 8 is favored (51-53). This plati¬ 
num catalyst system also catalyzes the exchange of hydrogen and deute¬ 
rium in alkanes (54). The maximum rate of exchange in the alkane pentane 
is found for a solution containing 50 mol% acetic acid in water (55). The 
exchange mechanism for alkanes parallels that found for aromatics (56). 
The hydrogen-deuterium exchange rate increases with an increase in the 
carbon chain length of the n-alkane, with a linear correlation being ob¬ 
served between the logarithm of the exchange rate and the ionization 
potential of the alkane (55). The rate decreases with increased chain 
branching in the alkane, with the reactivity decreasing in the order pri¬ 
mary > secondary > tertiary. For cyclic alkanes, the rates do not correlate 
with the ionization potentials; instead, steric factors are more important. 

Alkanes and arenes can also be activated to other reactions by platinum 
complexes in aqueous solution (57,58). For arenes in the presence of 
H 2 PtCl 6 , reduction from Pt(IV) to Pt(II) occurs and the arene undergoes 
chlorination. The reaction is catalyzed by platinum(II) (59). Similarly, if 
a platinum(IV) catalyst such as H 2 PtCl 6 is used, chloroalkanes are formed 
from alkanes. As an example, chloromethane is formed from methane 
(Eq. 23) (60-62). Linear alkanes preferentially substitute at the methyl 

ch 4 > ch 3 ci + hci (23) 

group. For cyclohexanes, however, the major products are arenes, which 
are likely formed by dehydrochlorination of intermediate chloroalkanes. 
The system has been made catalytic either by the addition of Cu 2+ and 
air or by the deposition of the catalyst on silica (63,64). It has been 
suggested that the reaction pathway involves the formation of intermediate 
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SCHEME 8. 


alkylplatinum(II) complexes, which subsequently react with PtCl|“ to 
form a carbon-chlorine bond (65). 

Shilov has suggested that these catalytic reactions of alkanes involve 
initial addition of a C-H bond to platinum(II) to give alkyl-hydride-plati- 
num(IV) species, which then undergo subsequent proton loss to give an 
alkylplatinum(II) intermediate (66). A related observation is the photolysis 
of a mixture of PtCl 6 2- and hexane in aqueous trifluoroacetic acid, leading 
to the formation of the l-hexene-platinum(II) complex [PtCl 2 (C 6 Hi 2 )] 2 
(Eq. 24) (67). It has been proposed that this 1-hexene complex results 
from /3-elimination in an alkylplatinum(IV) intermediate. The reaction is 
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Ptcf + C 6 H, 4 —> 1/2 (PtCl 2 (l-C 6 H 12 )) 2 (24) 

accompanied by the formation of small quantities of chlorohexane (68). 
An alternative explanation for these results is that the photochemical 
reaction follows the pathway shown in Scheme 9, which is supported by 
the early work of Taube showing that PtCl 6 2 can undergo photocatalytic 
redox reactions (69). 

At 120°C, a mixture of PtCl 6 2- and PtCl 4 2- in the presence of oxygen 
can be used for the oxidation of alkanes to alcohols (70). The substrate 
p-toluenesulfonic acid is oxidized sequentially at the side-chain functional¬ 
ity, first to the alcohol and then to the aldehyde (Eq. 25). For ethylbenzene, 

ArCHj —» ArCH 2 OH —> ArCHO 

(25) 

(Ar = p-HOjSCjH^ 


oxidation occurs both at the ^-position, to give ArCH 2 CH 2 OH, and at the 
a-position, to give ArCH(OH)CH 3 . This observation argues against a free- 
radical mechanism. When ethanol is used as substrate, ethylene glycol, 
acetic acid, and carbon dioxide are among the products formed. 

A mixture of PtCl 4 2- and metallic Pt with oxygen in aqueous media can 
be used to oxidize ethane, propane, ethers, and esters. This combination 
acts sequentially, whereby the initial cleavage of an unactivated C-H 
bond is induced by reaction with PtCl 4 2- . The subsequent oxidation step 
with oxygen is catalyzed by the metallic Pt. For ethane this sequence of 


Ptcif" Ptcif- - ci • 

PtClf" ♦ C 6 H 14 —> PtHdf" ♦ C 6 H,3 
Ptci 6 2 ' ♦ C 6 H 13 —♦ PtClf- * C 6 H 12 * HCI 
PtClf- ♦ c 6 h 13 —♦ PtClf- * c 6 h, 3 ci 
P tHaf" —> PtClf" + HCI 
2 PtClf"—> PtClf" + PtClf- 

PtClf- * CaH 12 —» 1 (PtCI 2 (l-C 6 H 12 )) 2 ♦ 4CI- 
SCHEME 9. 
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steps results in the initial formation of ethyl alcohol, which is subsequently 
oxidized to acetic acid (77). In the absence of metallic Pt and 0 2 , the 
oxidation of unactivated C-H bonds by PtCl 4 2 " is still observed. For 
substrates with oxygen heteroatoms, the C-H bonds that are in a positions 
to an oxygen atom are activated and catalytically oxidized by metallic Pt 
and 0 2 (72). This reaction occurs even in the absence of PtCl 4 2 '. The 
selective activation and oxidation of C-H bonds in ethers by PtCl 4 2- 
follow the reactivity order a-C-H < /i-C-H < y-C-H from the oxygen 
heteroatom. For the oxidation of ethers with PtCl 4 2 ~, the observation of 
an induction period makes it likely that the pathway involves the initial 
reduction to elemental platinum, followed by the initial C-H activation 
on a platinum surface rather than in aqueous solution. By judicious choice 
of platinum systems having either single or combinations of reagents, a 
series of selective hydrocarbon oxidations can be carried out, to give 
different products. 

Palladium(II) catalysts, such as PdCl 4 2- in trifluoroacetic acid solvent, 
have been used for the conversion of methane to methanol (73). The 
system uses hydrogen peroxide as oxidant; the overall reaction involving 
the addition of one mole of water is shown in Eq. 26. The function of the 

CH 4 + H 2 0 + Pd 2+ -» CHjOH + 2H + + Pd(0) (26) 

hydrogen peroxide is to reoxidize the palladium(O) back to palladium(II). 
The reaction sequence involves the initial formation of methyl trifluoro- 
acetate, which is subsequently hydrolyzed to give methanol. The reaction 
occurs with both alkanes and arenes (74,75). These reactions show the 
characteristics of an electrophilic rather than a radical mechanism (76). 
Palladium halides such as PdCl 4 2- also act as catalysts for the carbonyla- 
tion of aryl iodides in aqueous solution. The reaction can be used to 
convert aryl iodides into arene carboxylic acids under a 1-atm pressure 
of CO at ambient temperature (77). 

Hydrated RuC 1 3 and OsCl 3 in aqueous solution are effective catalysts 
for ring-opening metathesis polymerization (ROMP). An example of such 
a reaction is shown in Eq. 27 (78). These halides are catalyst precursors, 




RuC, 3 VV- 

55 °C \_/ 

R0— 7 N —OR 


(27) 


since they undergo hydrolysis to give the aquo complex Ru(H 2 0) 6 2+ , which 
then coordinates the double bond of the alkene to give the active complex 
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Ru(H 2 0) 5 (alkene) 2+ . In the absence of water these metal halides act as 
ROMP catalysts only after long induction periods. 


B. Wacker Oxidation of Alkenes 

The Wacker process is an example of a homogeneously catalyzed reac¬ 
tion that occurs in water. The overall reaction involves the conversion of 
ethylene into acetaldehyde, or terminal alkenes into ketones (Eq. 28). The 



reaction uses a catalyst system comprised of PdCl 2 , CuCl 2 , and molecular 
oxygen. The mechanism involves initial coordination of the alkene to 
palladium(II), followed by nucleophilic attack by water at this complexed 
alkene. Although the details of the mechanism have not been fully eluci¬ 
dated, the pathway shown in Scheme 10 for the conversion of ethylene 
into acetaldehyde provides a reasonable description of the steps that are 
involved (79,80). The catalytic reaction is inhibited by Cl“, which com¬ 
petes with coordination of the alkene. Following formation of the C-0 
bond, the organic moiety rearranges to give acetaldehyde. The pathway 
also involves reduction of Pd(II) to Pd(0), followed by reoxidation back 
to Pd(II) by Cu(II). The molecular oxygen present converts the reduced 
Cu(I) back to Cu(II). Labeling studies show that the oxygen atom in 
acetaldehyde or ketones originates from water rather than molecular oxy¬ 
gen. Since carrying out the reaction with ethylene in D 2 0 solvent results 
in no incorporation of deuterium into acetaldehyde, it is apparent that no 
free vinyl alcohol is formed during the reaction. Instead, the vinyl alcohol 
/3-elimination product must rearrange within the coordination sphere of 
Pd(II) before it has time to exchange with the solvent. 


C. Cobalt-Cyanide Complexes as Alkene Hydrogenation Catalysts 

The cobalt(II) cyanide complex Co(CN) 5 3_ in aqueous solution acts as 
a homogeneous catalyst for the selective hydrogenation of conjugated 
dienes to monoenes (81). The initial step in this catalysis is the reaction 
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ch 2 oh 

Scheme 10. 


of Co(CN) 5 3_ with hydrogen to give CoH(CN) 5 3 ~ (82,83). The catalytic 
system can be used over a temperature range of 0-125°C and a hydrogen 
pressure range of 1-220 atm. The reduction of carbon-carbon double and 
triple bonds occurs only when they are in a conjugated system. This 
system differs from other hydrogenation catalysts in that the pathway 
does not involve prior coordination of the alkene to cobalt (84). Although 
the detailed mechanism is complex, the major pathway is that shown in 
Scheme 11. 


D. Tertiary Phosphine Complexes in Catalytic Hydroformyiation and 
Hydrogenation Reactions 

Many of the water-soluble phosphine complexes of the late transition 
metals that have been synthesized are designed for use as homogeneous 
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CO 2 (CN)f 0 



hydroformylation and hydrogenation catalysts. This direction was taken 
in order that hydroformylation catalysts could be separated readily from 
the organic products of the reaction by subsequent extraction of the cata¬ 
lyst into an aqueous phase. A commonly used approach for incorporating 
water solubility into a transition-metal complex is to incorporate one or 
more sulfonate groups onto the organic functionalities of the phosphine. 
The two most frequently used water-soluble phosphines for catalytic appli¬ 
cations are the mono- and trisulfonated triphenylphosphines, TPPMS and 
TPPTS, respectively (Fig. 3). Several features of ligands such as TPPTS 
are important when they are being considered for use in the synthesis of 
homogeneous catalysts. One factor is that the cone angle of TPPTS is 
larger than that of triphenylphosphine, which results in the formation 



TPPMS 



SOjjNa SOgNa 


Fig. 3. 


TPPTS 
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of complexes having lower coordination numbers. A second important 
feature, especially for solutions having a pH of 7 or above, is that hydroxy 
complexes may be obtained in solution. Such complexes are relatively 
uncommon in nonaqueous media, but in aqueous solution they are readily 
formed by the replacement of a coordinated Cl~ ligand by OH - {85). 

1. TPPMS Complexes 

Transition-metal complexes of TPPMS have been used as catalysts 
for hydrogenation, hydroformylation, and carbonylation reactions. As an 
example of one such system, the complex RhCl(TPPMS) 3 catalyzes the 
hydrogenation of alkenes in neutral or slightly acidic solution (86). For 
this system it has been found that the cis -isomer maleic acid is hydroge¬ 
nated more slowly than is the trans-isomer fumaric acid (87). This unex¬ 
pected selectivity of RhCl(TPPMS) 3 may be due to differences in its chem¬ 
istry with hydrogen as compared to that of RhCl(PPh 3 ) 3 , a frequently 
used homogeneous hydrogenation catalyst in nonaqueous solution. Thus, 
whereas RhCl(PPh 3 ) 3 reacts with hydrogen to give RhH 2 Cl(PPh 3 ) 3 , the 
complex RhCl(TPPMS) 3 reacts to give RhH(TPPMS) 3 (Eq. 29) (88). A 

RhCI(rPPMS) 3 + H 2 ** RhH(TPPMS) 3 + HCI (29) 

possible pathway for the formation of RhH(TPPMS) 3 involves the se¬ 
quence of reactions in Scheme 12, where the final hydride complex is 
formed by reaction of hydrogen with the hydroxy complex. The predomi¬ 
nance of RhH(TPPMS) 3 can cause significant changes in the hydrogenation 
mechanism. For a monohydride the final reduction step cannot involve 
an intramolecular reaction of an alkylhydride intermediate. Instead, 
the alkyl intermediate must react with either hydrogen, a molecule of 
RhH(TPMS) 3 , or a proton. Support for the protonation route comes from 
the observation of extensive deuterium incorporation from the solvent 
D 2 0 in the final alkane (59). Nevertheless, this observation does not verify 
such a pathway, since H\D exchange between the hydride ligand in 
RhH(TPPMS) 3 and D + may also be facile. 

Aromatic and aliphatic aldehydes can be reduced to the corresponding 
alcohols by hydrogen transfer from formate using TPPMS complexes of 


RhCI(TPPMS) 3 + H 2 0 <h> Rh(OH)(TPPMS) 3 + HCI 

Rh(OH)(TPPMS) 3 + H 2 -» RhH(TPPMS) 3 + H z O 
Scheme 12. 
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TABLE II 

Catalytic Reduction of Benzaldehyde by Formate at 80°C 


Catalyst 

Time (min) 

Conversion (%) 

RuC1 2 (TPPMS) 2 

20 

100 

RuHC1(CO)(TPPMS) 3 

60 

80 

RuC1 2 (CO) 2 (TPPMS) 2 

60 

0 

IrCl(CO)(TPPMS) 3 

130 

11 

RhCKTPPMS), 

72 

22 


Ru(II), Ru(I) and Ir(I) in an aqueous medium (90). Data for the different 
complexes are shown in Table II. The highest conversion is observed 
with the ruthenium(II) complexes, which correlates with the facility of 
Ru complexes to catalyze other hydrogen transfer reactions. The complex 
PdCl 2 (TPPMS) 2 has been used as a two-phase aqueous-organic catalyst 
for the carbonylation of allylic chlorides (Eq. 30) (91). The reaction pro- 

^N^ C1 + CO + ROH -- + HC1 (3Q) 

(R = H, alkyl) 

ceeds smoothly under a 1-atm pressure of CO. A similar reaction of 
allyl chlorides and acetates with formate (Eq. 31) is also catalyzed by 

C ° Hl3 \^ > \^' Cl + HCOONa -► + C . Hl3 \^ (31) 

PdCl 2 (TPPMS) 2 (92). In this system the water-soluble complex transports 
the substrate into the aqueous phase and causes it to be reduced by sodium 
formate. The product is a mixture of the 1- and the 2-alkene. 

2. TPPTS Complexes as Hydroformylation Catalysts 

More extensive use has been made of TPPTS than of TPPMS as a ligand 
for preparing water-soluble homogeneous catalysts. The major reason for 
this is that the presence of three sulfonate groups on TPPTS causes it to 
have a greater solubility in aqueous solution than does TPPMS. The princi¬ 
pal application of TPPTS has been as a ligand for rhodium in catalyzed 
hydroformylation reactions. In the hydroformylation of propene with such 
catalyst systems, the reaction conditions use an equimolar mixture of CO 
and H 2 at 40-bar pressure and 125°C in an aqueous solution of pH 6.0 



176 


D. M. ROUNDHILL 


(40,93). Excess TPPTS ligand stabilizes the system against decomposition 
(94). By comparison, this catalyst system is less susceptible to poisoning 
than is its rhodium triphenylphosphine analog. The yield of butanals is 
99%, with the relative amounts of linear isomer to branched isomer being 
in the ratio of 94:6 (95). This selectivity ratio can be increased to 97:3 
by using the sulfonated ligand shown in Fig. 4 (96). Extremely high nor¬ 
mal : branched selectivities are also shown for the binuclear rhodium com¬ 
plex [Rh(ju,-SR)(CO)TPPTS] 2 . Thus, for 1-hexene, a linear: branched alde¬ 
hyde ratio of 96: 4 is observed (97-101). This highest selectivity ratio is 
observed when R = tert- Bu, and falls to 92:8 when R = C 6 F 5 for the 
series of alkyl groups: R = tert- Bu, CH 2 Ph, Me, Ph, C 6 F 5 . Initially, it 
was believed that a cooperativity effect between the two Rh centers was 
playing an important role, that is, one of the steps in the hydroformylation 
pathway was being facilitated by the presence of a second metal center. 
Since for hydroformylation catalysts in nonaqueous solvent the final elimi¬ 
nation of aldehyde involves an intermolecular reaction between rhodium 
acyl and hydride intermediates, there was a realistic possibility that it is 
this step that is accelerated by the presence of a proximal rhodium center. 
A problem with interpreting these results with both 1-hexene and 1-octene, 
however, is that under hydroformylation conditions in the presence 
of water the binuclear complex [Rh(/x-SBu')(TPPTS)] 2 is converted 
into RhH(CO)(TPPTS) 3 . Any [Rh(/x-SBu')(CO) 2 ] 2 that is not converted 
into RhH(CO)(TPPTS) 3 migrates into the organic phase. The introduction 
of the water-soluble thiol HS(CH 2 ) 3 NMe 2 gives the ionic complex [Rh(/x- 
S(CH 2 ) 3 NHMe 2 )(CO)(TPPTS)]^ + that does remain in the aqueous phase. 
This complex has a low activity level as a homogeneous hydroformylation 
catalyst (102). 

The complex PtCl 2 (TPPTS) 2 , when immobilized by controlled-pore 
glass, has been used in conjunction with SnCl 2 as a hydroformyla- 



Fig. 4. 
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tion catalyst for 1-hexene (103). The catalytically active species is 
PtCl(SnCl 3 )(TPPTS) 2 , which is adsorbed in the presence of a small amount 
of water. A normal: branched aldehyde ratio of 11.5:1 has been achieved 
for this hydroformylation when the catalytic reaction is carried out at a 
temperature of 100°C and a hydrogen pressure of 1000 psig. 

Hydroformylations can be carried out in aqueous solution in the absence 
of hydrogen. Such a situation arises because these water-soluble phos¬ 
phine-substituted rhodium complexes also catalyze the water-gas shift 
reaction (Eq. 32). Since carbon monoxide is a reagent in both the hydrofor- 

CO + H s O ** COj + h 2 (32) 

mylation and the water-gas shift reaction, the initial involvement of CO 
in the water-gas shift reaction leads to the formation of hydrogen, which 
is then consumed along with CO in the subsequent hydroformylation 
step (100). 

A comparison of homogeneous rhodium hydroformylation catalysts 
having either TPPTS or PPh 3 as supporting ligands shows that the hydro¬ 
philic TPPTS gives higher linear: branched isomer ratios but lower overall 
activities than does PPh 3 (104). The linear: branched isomer ratio reflects 
the relative amounts of linear: branched alkyl and acyl complexes that 
are formed in the insertion steps (Scheme 13). Higher steric requirements 
favor the linear isomer. Under reaction conditions using RhH(CO)L 3 
(L = PPh 3 , TPPTS) and a 200-atm pressure of CO and H 2 in a 1:1 ratio, 
one difference between the two complexes is that with triphenylphosphine 
the substitution product RhH(CO) 2 (PPh 3 ) 2 is formed, whereas with TPPTS 
the analog complex RhH(CO) 2 (TPPTS) 2 is not observed. This difference in 
the chemistries is reflected in the relative activation energies for phosphine 
dissociation, which is 19 kcal mol -1 for PPh 3 and 30 kcal mol -1 for TPPTS. 




RCH=CH 


2 . 


I-„ Rh 

N R 


0 




Scheme 13. 
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Since these complexes are precursors to the coordinately unsaturated 
intermediate RhH(CO) 2 L (L = PPh 3 , TPPTS), the presence in solution 
of complexes having a higher phosphine: carbon monoxide ratio for 
TPPTS than for PPh 3 , along with the greater cone angle for TPPTS, may 
be the cause of the higher linear: branched ratios being found for the 
TPPTS rhodium hydroformylation system. In general, the S0 3 ~ substitu¬ 
ents on TPPMS and TPPTS have only minimal electronic influence on 
the metal-phosphorus bond (105-107). The steric differences between 
TPPTS and PPh 3 , however, are significant and can cause differences in 
the chemistry (33,34). 

3. TPTS Complexes as Hydrogenation Catalysts 

Water-soluble phosphine complexes of the late transition metals can 
also be used as catalysts for the hydrogenation of C=C and C=0 double 
bonds. Thus the complex RhCl(TPPTS) 3 is an effective catalyst in aqueous 
solution for the hydrogenation of alkenes. A problem with using this 
complex, however, is that the TPPTS ligand is oxidized more readily than 
is PPh 3 in RhCl(PPh 3 ) 3 . This situation occurs because Rh(III) complexes 
catalyze the oxygen transfer reaction from water to TPPTS to give the 
oxide OTPPTS (108). This observation has been confirmed by the use of 
l8 OH 2 . Nevertheless, both the Rh(I) and the Ru(II) complexes of TPPTS 
have been used as catalysts for the homogeneous hydrogenation of the 
unsaturated aldehydes RCH=CHCHO (109). These homogeneous cata¬ 
lysts can be used for the selective reduction of a,/3-unsaturated aldehydes 
to unsaturated alcohols (Eq. 33). 



The catalytic hydrogenation of propionaldehyde in water also occurs 
with the series of complexes [RuC1 2 L 2 ] 2 , RuHC 1L 3 , RuH(OAc)L 3 , 
RuH 2 L 4 , RuHIL 3 , RuC 1 2 (CO) 2 L 2 , and [Ru(OAc)(CO) 2 L] 2 (L = TPPTS) 
(110). The noncarbonylated complexes in this group all show comparable 
hydrogenation rates at 100°C. In all cases, a series of equilibria lead to 
the formation of RuH 2 L 3 (H 2 0), which suggests that RuH 2 L 3 may be the 
catalytically active species. 

The carbonylated complexes are less active as catalysts. The addition 
of alkali or alkaline earth metal ions or NH 4 + dramatically increases the 
activity without any loss of selectivity. For cations the rate increases in 
the order NR 4 + < Na + < Li + < K + < Mg 2+ < Ca 2+ , and for anions the 
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rate increases in the order SiF 6 2_ < N0 3 “ < Cl - < Br“ < I - . The cation 
effect is believed to be due to stabilization of the C-bonded alkoxide 
intermediate by the binding of the cation to the /3-oxygen (Eq. 34). 



Other water-soluble tertiary phosphines can be used as ligands for the 
synthesis of hydrogenation catalysts. An example of such a phosphine is 
l,3,5-triaza-7-phosphaadamantane, which has been prepared by reacting 
tris(hydroxymethyl) phosphine, formaldehyde, and hexamethylenetetra¬ 
mine (Eq. 35) (111,112). The ruthenium(II) complex of 1,3,5-triaza-7 phos- 


(hoch 2 ) 3 p + (ch 2 ) 6 n 4 


CHgO 


n a '-n 


(35) 


phaadamantane is an effective catalyst for the catalytic hydrogenation 
of alkenes and aldehydes (113), and for the conversion of unsaturated 
aldehydes into alcohols using sodium formate as the source of hydro¬ 
gen (114). 

Rhodium complexes of the (2-diphenylphosphinoethyl)trimethylam- 
monium cation have been used as both hydroformylation and hydrogena¬ 
tion catalysts (41). An advantage of these complexes is that they are soluble 
in water, and also that the ligand periphery has a cationic alkylammonium 
group. These two properties allow the complexes to be absorbed onto an 
ion exchange resin. Virtually no leaching of rhodium into the alkene- 
containing phases occurs with these catalysts, although the rhodium can 
ultimately be recovered from the resin by elution with acid (115,116). 


E. Asymmetric Catalysis with Tertiary Phosphine Complexes 

Chiral-sulfonated phosphines have also been synthesized and used in 
the preparation of water-soluble late transition-metal complexes. These 
complexes, like their analogs in nonaqueous solution, can be used as 
homogeneous catalysts for the hydrogenation of prochiral alkenes. When 
the phosphine ligand has a chiral center, the alkane product can potentially 
be obtained in enantiomeric excess. A variety of different approaches 
have been used to prepare chiral phosphines that are soluble in aqueous 
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solution. As with other homogeneous hydrogenations in aqueous solution, 
the enantioselective hydrogenation of prochiral alkenes frequently is slow. 
Also, the optical yields as measured by the enantiomeric excess (ee) in 
the chiral alkane often are low. A series of phosphines that have been 
used in the synthesis of enantioselective rhodium hydrogenation catalysts 
are shown in Fig. 5 ( 45,117-121 ). In the absence of hydrogen as a reagent, 
the enantioselective reduction of alkenecarboxylic acids can be carried 
out with formate acting as the hydrogen transfer substrate (122). 

The low enantioselectivity of chiral hydrogenation catalysts in aqueous 
solution has been considered to be a consequence of the effect of solvent 
on the key step that determines the chirality in the product alkane. For 
homogeneous rhodium catalysts this step is the addition of hydrogen to 
rhodium(I) to give a rhodium(III) species (123). A large difference between 
the transition-state energies for this hydrogen addition to the pair of diaste- 
reomeric Rh(I) complexes leads to the observation of a large ee in the 
product (Fig. 6). The low ee values found in aqueous solution can therefore 
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Fig. 6. 


result from a small difference in these transition-state energies (124). This 
premise is supported by considerations that relate the observed ee with 
the hydrophobic and hydrophilic nature of the solvent (125,126). 

Such generalizations may, however, be premature, since a compari¬ 
son has also been made of the ee obtained from the hydrogenation 
of 2-acetamidoacrylic acid with the rhodium complexes of R- 
Binap(S0 3 Na) 4 and its unsulfonated analog. The ee’s obtained in ethanol 
for the R-Binap(S0 3 Na) 4 complex (-69%) are closely comparable with 
those obtained for the rhodium complex of the unsulfonated R-Binap 
(67.0%) (127). Further evidence against such a generalization in the values 
of the ee’s obtained in aqueous solution is also found in the observation 
that rhodium(I) catalysts obtained with sulfonated diphosphines yield ee’s 
of up to 88% in the hydrogenation of carbon-carbon double bonds in a two- 
phase system with both an aqueous and an organic solvent system (128). 

F. Supramolecular-Medium Effects in Catalytic Reactions 

Catalytic reactions in aqueous solution can be modified by changes in 
the supramolecular state of the medium in which they are conducted. One 
approach to using medium changes to influence catalytic reactions is to 
introduce host molecules, such as cyclodextrins, into the reaction mix¬ 
tures. Cyclodextrins have inner lipophilic cavities enclosed by hydrophilic 
surfaces. A cyclodextrin can bind a hydrophilic terminal alkene into its 
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cavity, where the alkyl chain is encapsulated and the alkene functionality 
is free. Such a cavity will preferentially encapsulate “rodlike” molecules; 
therefore, a cyclodextrin host incorporated into a hydroformylation cata¬ 
lyst will favor linear aldehyde formation (129). 

Metal complexes of TPPMS and TPPTS have amphophilic character 
because of the presence of both hydrophilic sulfonate groups and hydro- 
phobic phenyl groups in the ligand structure. This feature allows the 
complex to transfer readily between the aqueous and organic phases in a 
biphasic system. Furthermore, these complexes can aggregate to form 
micelles, or surface-active compounds. This property may be a particu¬ 
larly important one when the properties and selectivities of catalysts 
formed by such phosphines are being considered (130). 

Supported aqueous-phase catalysts can also be used to advantage. 
These supported catalysts have a thin aqueous film adhering to silica 
gel that contains the water-soluble complex (131). These catalysts are 
particularly useful for the hydroformylation of substrates such as oleyl 
alcohol (132). Since these catalytic reactions occur at the phase boundary, 
characteristics such as the water content can cause changes both in the 
reactivity and in the linear: branched chain ratio of the product aldehyde. 

G. Other Catalyzed Reactions 

Water-soluble palladium(O) complexes have also been used as homoge¬ 
neous catalysts in aqueous-solution alkylation reactions. The particular 
complex that has been used is Pd(TPPMS) 3 . Aryl or heteroaromatic halides 
can be coupled with aryl or vinyl boronic acids, alkynes, alkenes, or 
dialkyl phosphites with this palladium(O) complex. This complex in aque¬ 
ous solution can also be used for the coupling of alkynes with unprotected 
iodonucleotides, iodonucleosides, and iodoamino acids (133). 

Palladium(II) complexes in aqueous THF have been used as catalysts 
for the addition of water to the alkene diethyl maleate to give the alcohol 
diethyl malate. The two catalytic systems that have been used for this 
reaction are the dimer [Pd(/i-OH)dppe] 2 and a catalyst mixture composed 
of PdCl 4 2- and CuCl 2 (134). The proposed pathway for the [Pd(/i- 
OH)dppe] 2 catalyzed reaction is that shown in Fig. 7. Any free dppe in 
the reaction mixture catalyzes the isomerization of diethyl maleate to 
diethyl fumarate. A second product of this catalytic reaction that is formed 
in large amounts with a PdCl 4 2- and CuCl 2 catalyst system is the ketoester 
diethyl oxaloacetate. The distribution between diethyl maleate and diethyl 
oxaloacetate depends on the competition for an intermediate alkylpalla- 
dium(II) complex between reaction with water to give alcohol and an 
intramolecular ^-elimination reaction to give the ketone (Fig. 8). 
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soluble rhodium complexes of TPPTS in a biphasic mixture of water and 
triethylamine are active catalysts for the hydrogenation of carbon dioxide 
to formic acid (Eq. 37) (US). The amine functions in this system to stabilize 

h 2 + co ^ hco 2 h (37) 

the formic acid that is formed. Metal complexes of 2,2-bipyridine-5 sul¬ 
fonic acid have been prepared as possible catalysts for the water-gas shift 
reaction (136). 

The water-soluble zerovalent complexes M{P(CH 2 OH) 3 } 4 (M = Ni, Pd, 
Pt) have been used as homogeneous catalysts for the addition of PH 3 to 
CH 2 0 to give P(CH 2 OH) 3 . No mechanistic study of the reaction has 
been carried out. But since aqueous solutions of Pt{P(CH 2 OH) 3 } 4 are in 
equilibrium with the hydride complex [PtH{P(CH 2 OH) 3 } 4 ]OH, it is possible 
that Pt{P(CH 2 OH) 3 } 4 is sufficiently basic to be protonated by PH 3 in one 
of the early steps in the catalytic cycle (137,138). 

Supercritical water has the potential to be an interesting solvent system 
for organotransition metal systems. An example of this potential is found 
with the complex (7r- 5 cp)Co(CO) 2 , which in organic solvents catalyzes the 
cyclotrimerizationofhexyne-1, phenylacetylene, andbutyne-2. At 140°C 
in aqueous media these reactions show poor selectivity to benzenes, but 
at 374°C in supercritical water the selectivity is again high (139). 
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I 

INTRODUCTION 

Due to proposals that adjacent d and p orbitals can overlap to form 
delocalized band-type orbitals either in the ground state or the excited 
state (1-4), there has been much interest in the synthesis and properties 
of structures whose skeletal frameworks consist of covalently bonded 
metal atoms. However, early attempts at the rational synthesis of oligo¬ 
mers and polymers containing a mix of d- and p-block metals were frus¬ 
trated by the general lack of synthetic methodology that can be used to 
prepare metal-metal bonds under relatively mild conditions, and by the 
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propensity of difunctional reagents to form cyclic rather than linear struc¬ 
tures in potential polymerization processes (5). As a result, our knowledge 
concerning fully characterized examples of such catenated metal chains 
is still limited to a very small number of short oligomers containing only 
three to five metal atoms (5-8). In contrast, compounds whose molecular 
backbones consist entirely of a --bonded Group 14 elements (Si, Ge, and 
Sn) have a rich history that extends over a wide range of structural diver¬ 
sity that now includes linear, cyclic, and polycyclic frameworks (9). Of 
these, high molecular weight polysilanes with the general formula X- 
(R 2 Si)„-X (R = alkyl or aryl) display a number of interesting phenomena, 
which include efficient photoconduction, large third-order nonlinear opti¬ 
cal coefficients (X 3 ), reversible thermochromic behavior associated with 
structural phase transitions, and a high degree of radiation sensitivity that 
makes them suitable as photoresists for microlithography (10). Accord¬ 
ingly, more recent attention has focused on the development of refined 
models that can be used to reconcile these experimental observations with 
theory, with the concept of “cr-delocalization,” as championed by Michl 
and others (11), gaining wide acceptance. 

Although possessing intriguing properties, it can be argued that, in terms 
of localized molecular orbital pictures of electronic structure, polysilanes 
closely resemble their organic counterparts. On the other hand, polystan- 
nanes could be anticipated to display properties that are decidedly more 
“metal-like” in nature, possibly as a result of several factors that include, 
to name just a few, a greater reluctance to engage in formal sp hybridiza¬ 
tion, and a greater accessibility of d orbitals. A successful interpretation 
of the origins of these properties in terms of a unified molecular orbital 
theory, which takes into account the relativistic effects associated with 
heavy-atom systems, would then contribute greatly to our understanding 
of the molecular and electronic structure of compounds containing ele¬ 
ments beyond the second row. Thus, it is the goal of this article to provide a 
comprehensive review of the extent to which theoretical and experimental 
investigations have probed the structure/property relationships of poly- 
stannanes. As provided in detail, this review will be limited to only those 
structures whose discrete skeletal frameworks consist entirely of 
a --bonded tetracoordinate tin atoms (12). 

II 

DISTANNANES 

Distannane, H 3 Sn-SnH 3 (1), which can be considered a heavy-atom 
analog of ethane, is the simplest chemical structure that falls under the 
preceding definition for the class of compounds known as polystannanes. 
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Experimentally, distannane itself is highly reactive, and attempts to obtain 
and study it in pure form have so far all been thwarted {13). However, it 
has long been known that partial or full replacement of the hydrogen 
atoms in 1 with organic substituents, either alkyl or aryl, imparts stability 
to the system; and through this mechanism then, a large number of distan¬ 
nane derivatives of the general formula R 3 Sn-SnR 3 have been prepared 
and their structures and properties investigated. As the discussion that 
follows reveals, this database of results concerning distannanes has proven 
to be an invaluable source of information regarding the nature of the 
Sn-Sn bonds in polystannane structures. 

A. Synthesis 

The general synthetic methodology that can be utilized for the construc¬ 
tion of Sn-Sn bonds in molecular compounds is summarized in Scheme 
1 {14). Of these procedures, it is important to point out that the hydrostan- 
nolysis reaction, which is thought to occur through metathetical exchange 
between an organotin hydride and an organotin amide according to Eq. 
(1), is a powerful tool for the synthesis of unsymmetric distannanes of 

§3 I* 

,Sn 

>R" 2 -► R 3 Sn—SnR'a + HNR" 2 

V -I (1) 

the general formula R 3 Sn-SnR’ 3 {15). For this class of distannane, the other 
methods typically provide statistical mixtures of all possible products. 
However, if the desired compound is a symmetric distannane, then it is 
often simplest to carry out either the Wurtz-type coupling of organotin 
halides with alkaline metals or the catalyzed dehydrogenative coupling of 
organotin hydrides according to Scheme 1. Both of these methods are 




R 3 SnX + R 3 SnM 


X = a, Br. I; M = Li, Na, K; cat = pyridine, Pd, R 3 N 
Scheme 1 


R 3 SnH + R 3 SnNR' 2 
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also preferable for preparing distannanes that possess substituents that 
are sterically demanding. Finally, it is interesting to note that the dehydro- 
genative coupling reaction has been successfully used to prepare the 
first and, to date, only example of an optically active distannane, 
[Ph(PhCMe 2 CH 2 )MeSn] 2 (2), from the corresponding organotin hydride, 
which was prepared in a stereoselective manner and which is configura¬ 
tionally stable at the stereogenic tin center ( 16 ). 

In addition to the general methods shown in Scheme 1 for the construc¬ 
tion of Sn-Sn bonds, a number of distannanes have been obtained by a 
variety of other routes, most of which were initially discovered serendipi- 
tously (Scheme 2). For instance, in an attempt to prepare tetra(/-butyl)stan- 
nane (3) from tri(f-butyl)tin chloride (4), Kandil and Allred ( 17 ) found 


Bu^SnCl + Bu'Li 



6 


2 R 2 SnHCl - R 2 Sn-SnR 2 (4) 

8 

| LiAlHt 

R 2 Sn SnR 2 
H H 
9 

Scheme 2 


R 2 SnH 2 

+ 

R 2 SnCl 2 
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that, rather than substituting, f-butyllithium served to reduce 4 to provide 
hexa(f-butyl)distannane (5), as shown in Scheme 2 [Eq. (2)]. As determined 
by these authors, this side-reaction becomes the dominant pathway when 
the initial organotin halide is sterically encumbered, and a number of 
hindered distannanes have now been prepared by this method, including, 
more recently, 1,2-bis(2,4,6-triisopropylphenyl)-l,l,2,2-tetra(f-butyl)di- 
stannane 6 according to Eq. (3) (Scheme 2) ( 18 ). Taking advantage of the 
rapid equilibrium that is known to occur between organotin dihydrides 
and organotin dihalides to produce organotin hydrido halides R 2 SnHCl 
(7) in solution, Neumann and co-workers ( 19 ) developed a convenient 
“one-pot” synthesis of 1,2-dichlorodistannanes 8 via the facile dehydro- 
genative coupling of 7, which is catalyzed by pyridine [Eq. (4), Scheme 
2], These l,2-dich!oro-l,l,2,2-tetraalkyldistannanes are valuable starting 
materials for the synthesis of cyclic compounds containing distannane 
fragments ( 20 ) and for the synthesis of the 1,1,2,2-tetraalkyldistannanes 
9 (R = Bu and i-Bu) via reaction with lithium aluminum hydride ( 19 ). 
Regarding hindered 1,2-dihalodistannanes, there now exists several differ¬ 
ent routes to 1,2-dichloro- and l,2-dibromo-l,l,2,2-tetrakis(2,4,6-triiso- 
propylphenyl)distannane 10. These include the reductive coupling of the 
corresponding diorganotin dichloride 11 with lithium naphthalenide ( 21 ) 
or directly from SnX 4 (X = Cl or Br) and the corresponding aryllithium 
reagent ( 22 ) (Scheme 3). Compound 10 has also been prepared from the 


R 2 SnX 2 + 

it 


3 RLi + SnX 4 


R 2 Sn-SnR 2 

X X 

10 

(X = Cl or Br) 



R= ;Np = 


2 MeLi 


R 2 Sn-SnR 2 

I I 

Me Me 
13 


Scheme 3 
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halogenation of hexakis(2,4,6,-triisopropyl-phenyl)cyclotristannane 12 
(21) using either bromine (23) or the respective haloforms (24). With alkyl- 
lithum reagents of small steric bulk, compound 10 (X = Cl) has in turn 
been used to prepare l,2-dimethyl-l,l,2,2-tetrakis(2,4,6-triisopropylphe- 
nyl)distannane 13, as shown in Scheme 3 (24). Finally, it must be men¬ 
tioned that a few distannanes have been isolated as either by-products or 
products of decomposition pathways. These include the isolation of 1,2- 
dichloro-l,l,2,2-tetrakis[bis(trimethylsilyl)methyl]distannane 14 from the 
reaction of the stable stannylene derivative, bis[bis(trimethylsilyl)methy 11- 
tin 15 (25), with the Pt 11 substrate, {PtCl(/i-Cl)(PEt 3 )} 2 [Eq. (5)] (26), and 

R 2 Sn + {PtCl(p-Cl)(PEt 3 ) 12 

15 

.SiMe, 

R -~< 

SiMej 


R 2 Sn-SnR : 

Cl Cl 


+ other products (5) 


the isolation of hexakis(2,6-diethylphenyl)distannane 16 from the thermol¬ 
ysis of hexakis(2,6-diethylphenyl)cyclotristannane 17 (27) either in the 
solid state or in solution (28) [Eq. (6)]. 



17 


A 


R 3 Sn-SnR 3 + other products (6) 

16 



B. Structural Studies 
1. Peraryl Derivatives 

As predicted by theoretical calculations, the force constant for Sn-Sn 
bond stretching in distannane is quite small (29), and thus, for synthetic 
derivatives that possess severe nonbonded steric interactions between 
substituents, elongation of the Sn-Sn bond is observed in the set of solid- 
state structural parameters for these compounds. Given this, as Table I 
indicates, there has been much current interest in probing the limit to 



TABLE I 

Selected Bond Lengths and Torsion Angles for Distannanes 




Bond lengths (A) 

Torsion angles (°) 


Compound 


Sn-Sn 

Sn-C (avg) 

C-Sn-Sn-C 

S n—S n—C pj,—C ph 

Ref. 

R 3 Sn-SnR 3 

Peraryl 







r = — O <m> 


2.770 

2.180 

60 

13, 23, 45 

(50) 

R= —(19) 


2.777 

2.150 

87, 33 

42, 58 

(33a, b) 

R = —< Q (“) 

Mb' 


2.883 

2.168 

60 

53, 54, 56 

(34) 

r = — cy (I© 

Et 


3.052 

2.243 

63,61,56 

48, 51, 55 

(28) 

Peralkyl 

R = benzyl (21) 

R = /-butyl (5) 

RR'R"Sn-SnRR' R" 
R = R' = Me; R' = Cl (8) 


2.823 

2.894 

2.770 

2.191 

2.238 

2.14 

60 

75,44 

130.1, 13.5 

1 

(24) 

(24) 

(36) 

SiMe 3 

R = R’= - ( 

r- = ci s,M0 3 

(14) 

2.844 

2.19 

~60 

- 

(26) 

R = R, = -O-iPr 

(10) 

2.841 

2.191 

—60 

- 

(22,24) 

R" = Br 







R = R= -0” iPr 

iPr 

(13) 

2.829 

2.22, 2.18 

77,43 


(18) 

R" = Me 







‘V 

R ■ -O-IPr (6) 
IPr' 


3.034 

2.259 

5.1, 5.6, 21.1 

- 

(18) 

R’ = R" = t-Bu 
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which this bond length distortion can be forced and still maintain a stable 
distannane structure. In this regard, the Sn-Sn bond length of 2.770 A 
determined for the crystal structure of hexaphenyldistannane (18) is often 
taken as the reference point, since this value is fairly close to the one 
calculated for the parent compound (c/. 2.804 A) (29,30). Another feature 
of the structure of 18 is how the nonbonded interactions between the 
phenyl groups dictate this compound’s symmetry properties in the solid 
state. As pointed out by Mislow and co-workers (31), 18 can potentially 
exist in two distinct conformations that are defined by the helical sense 
of the “propeller-like” Ph 3 Sn moieties when viewed along the threefold 
axis of the molecule. One of these conformations is achiral (meso), with 
point group symmetry S 6 , in which the two moieties are heterochiral, i.e., 
have opposite helicities, while the other conformation is chiral, with point 
group symmetry D 3 , in which the two moieties are homochiral, i.e., have 
the same helicity. For 18, only a staggered S b conformation is observed 
in the solid state, either as a result of its being the lowest-energy structure 
or as a result of crystal packing forces that enforce it over a Z> 3 conforma¬ 
tion. Evidence that, due to the calculated small barrier to rotation about 
the Sn-Sn bond in the parent distannane 1 (32), these latter solid-state 
interactions can play a significant role in influencing the geometical param¬ 
eters of distannanes is provided by the crystal structure of hexa(4-methyl- 
phenyl)distannane 19 (33a,b). Thus, as Fig. la reveals, the molecular 
structure of 19 is still one in which the opposing R 3 Sn moities have helici¬ 
ties of opposite chirality, as in 18; but now instead of a similar fully 
staggered conformation, 19 adopts one in which the torsion angles are 
87.33° and 32.67°, respectively. Interestingly, it appears that by increasing 
the tilt angle of the phenyl groups from 20° to 55°, the expected increase 
in nonbonded interactions brought about by the closer proximity of the 
phenyl groups on the adjacent tin atoms in this conformation can be 
accommodated without significantly distorting bond lengths [cf. Sn-Sn, 
2.777 A; Sn-C, 2.150 A for 19 (Table I)]. 

In compound 19, the steric influence of the 4-methyl groups on the 
aromatic substituents should be, and apparently are, negligible. However, 
the placement of groups at ortho positions should have profound effects; 
and indeed, this assertion is supported by the structural parameters shown 
in Table I and Fig. lb for the isomeric compound hexa(2-methylphenyl)dis- 
tannane (20) (34). Once more, only a staggered S 6 structure is observed in 
the solid state for compound 20. However, now due to severe nonbonded 
interactions between substituents that cannot be relieved by further tilting 
of the phenyl groups, the Sn-Sn bond length has been substantially elon¬ 
gated to 2.883 A. Furthermore, from an analysis of this structure, it is 
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Fig. 1 . Molecular structures of: (a) hexakis(4-methylphenyl)distannane (19), (b) hexa- 
kis(2-methylphenyl)distannane (20), and (c) hexakis(2,6-diethylphenyl)distannane (16). 
Structures redrawn from coordinates provided in references 33, 34, and 28, respectively. 


clear that a £> 3 conformation for 20 would be even more strained, due to 
an increase in nonbonded interactions. 

A good example of how far the Sn-Sn bond of distannanes can be 
elongated and still obtain a stable structure is provided by the crystal 
structure of hexakis(2,6-diethylphenyl) distannane 16 (35). As Table I and 
Fig. lc reveal, both the Sn-Sn and the mean Sn-C bond lengths, at 3.052 
and 2.243 A, respectively, are now dramatically elongated relative to 18. 
Not surprisingly, to relieve best the strong nonbonded interactions present 
in this compound, the structure is the fully staggered S 6 conformation 
observed previously. In addition, it becomes clear that a 55-57° tilt of the 
phenyl groups is likely to be the maximum that can be accommodated in 
sterically encumbered peraryl distannane derivatives. 

2. Peralkyl Derivatives 

The body of structural data for peralkyl distannanes is a little more 
sparse than that for peraryl derivatives, with only two crystal structures 
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having been determined. However, through a comparison of these two 
structures, a similar trend regarding the impact of nonbonded steric inter¬ 
actions on Sn-Sn bond length can be observed. Thus, the solid-state 
structure of hexabenzyldistannane 21 reveals a Sn-Sn bond length of 
2.823 A for a fully staggered conformation (Table I) (24). In contrast, the 
molecular structure of hexa(/-butyl)distannane 5 possesses a Sn-Sn bond 
that has now been elongated to 2.894 A by virtue of the strong steric 
interactions between the branched alkyl substituents on adjacent tin atoms 
(Table I) (24). In this latter structure it is interesting to note that a more 
eclisped conformation is adopted with torsional angles of 77° and 45°, 
respectively. The molecular structures of compounds 5 and 21 are shown 
in Fig. 2. 

3. Mixed Derivatives 

In addition to the peraryl and peralkyl derivatives already described, 
the crystal structures for a number of distannanes with mixed types of 
substituents, including halogens, have been determined (Table I). For the 
most part, the geometric parameters and solid-state conformations of these 
compounds are in keeping with what has been presented so far. However, 


(a) 


(b) 



Fig. 2. Molecular structures of: (a) hexabenzyldistannane (21) and (b) hexa(/-butyl)dis- 
tannane (5). Reprinted with permission from Puff et al. (24). 
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some unique features of these structures deserve comment. To begin with, 
the molecular structure of l,2-dichloro-l,l,2,2-tetramethyldistannane 8 
(R = Me) displays a normal Sn-Sn bond length of 2.770 A, but due to 
strong Sn—Cl intermolecular interactions (Sn—Cl, 3.240 A vs Sn-Cl, 
2.448 A), this compound is polymeric in the solid state. As a result, the 
methyl substituents on the adjacent tin atoms are nearly eclipsed (smallest 
torsion angle, 13.5°) (36). In contrast to what is observed for 8, by increas¬ 
ing the steric bulk of the organic substituents, intermolecular interactions 
between tin and a halogen atom can be prevented, and as a result these 
distannanes remain monomeric in the solid state. Examples of distannanes 
that fall into this category are provided by 1,2-dichloro-1,1,2-2-tetrakis[bis- 
(trimethylsilyl)methyl]distannane 14 (26) and 1,2-dibromo-1,1,2,2-tetra- 
kis(2,4,6-triisopropylphenyl)distannane 10 (22,24). Both of these com¬ 
pounds adopt nearly staggered conformations, with Sn-Sn bond lengths 
that are only moderately distorted (Sn-Sn, 2.844 A for 14 and 2.841 A 
for 10). 

A final class of distannanes to consider are those that possess a mixture 
of aryl and alkyl substituents. In this regard, the structures of two deriva¬ 
tives are known. One of these is represented by 1,2-dimethyl-1,1,2,2- 
tetrakis(2,4,6-triisopropylphenyl)distannane 13, which is conveniently 
prepared from the corresponding 1,2-dichloro derivative (24). This com¬ 
pound adopts a solid-state conformation that is more eclipsed (mean tor¬ 
sion angles, 77° and 43°, respectively) and that has a Sn-Sn bond length 
of 2.829 A (Table I). The other compound that falls into this class is 1,2- 
bis(2,4,6-triisopropylphenyl)-1,1,2,2-tetra(/-butyl)distannane 6. This com¬ 
pound surprisingly adopts a nearly eclipsed conformation, with a very 
long Sn-Sn bond length of 3.034 A, which is nearly as long as that of the 
distannane 16 (Table I and Fig. 3) (18). Apparently, it is this conformation 
that can best relieve the strong steric interactions between the two aryl sub¬ 
stituents. 


C. Properties 

1. Electronic and Vibrational Spectroscopy 

It has long been known that the electronic spectrum of hexaphenyldi- 
stannane (18) exhibits a strong absorption maximum (X max 247 nm; e max 
40,400), which has been attributed to the presence of the Sn-Sn bond in 
this compound (37,38). If this absorption feature correlates with a 
0sn-sn osn-sn transition, then one might expect to observe a Sn-Sn bond 
length dependence on its strength and position. Indeed, the observation 
that it has shifted to 287 nm (e max 20,382) in the sterically encumbered 
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Fig. 3. Molecular structure of distannane 13. Structure redrawn from coordinates pro¬ 
vided in Weidenbruch et al. (18). 


distannane 16 (Sn-Sn; 3.052A) seems to lend support to this assignment 
(Table II) (39). For peralkyl distannane derivatives, this absorption maxi¬ 
mum is blue-shifted (cf. for R = Me and cyclohexyl in Table II), possibly as 
a result of a smaller degree of polarizability of the alkyl vs aryl substituents. 
However, it is interesting to note that for hexabenzyldistannane (21) it is 
almost identical to that of compound 18 (Table II). Clearly, the origin 
and nature of substituent effects on this unique electronic transition in 
distannanes is a subject for more thorough theoretical and experimental in¬ 
vestigation. 

As mentioned previously, the calculated force constant for Sn-Sn bond 
stretching in distannane (1) is quite small, and the harmonic frequency 
associated with this bond length deformation is predicted to lie at 189 
cm' 1 (29). This value is in quite excellent agreement with the value of 
208 cm -1 that was obtained from the Raman spectrum of hexamethyldi- 
stannane (22) (40). However, a dramatic perturbation occurs upon phenyl 
substitution, as revealed by the value of 138 cm -1 that is experimentally 
obtained for hexaphenyldistannane 18 (Table II). Not surprisingly, there 
also appears to be a strong correlation between nonbonded steric interac¬ 
tions and bond stretching frequency in distannanes. This is most readily 
observable in making the comparison between compounds 18 and 20 (cf. 
p(Sn-Sn) 138 cm -1 vs 123 cm' 1 , respectively) (Table II). Indeed, Neumann 
and co-workers (41 a,b) correlated bond-stretch frequency with Sn-Sn 
bond dissociation energies for the peraryl distannanes 23-25, which they 
showed dissociated reversibly to the corresponding triaryltin radicals at 
decreasing temperatures along the series, due to an increasing amount of 
nonbonded interactions between the organic substituents (Scheme 4). 
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TABLE II 

Electronic and Vibrational Spectra for Selected Distannanes 


Compound: 

R 3 Sn-SnR 3 

UV 




A max (nm) 

fW 

p(Sn-Sn) 

Sn-Sn (A) 

R = -O < 18 > 

248 

40,400 

138 

2.770 

R= — 0“ Ma < l9 > 

248 

40,400 

131 

2.777 

7 > 

II 

§ 

- 

- 

123 

2.883 

Et 

R= —O (16) 

287 

20,382 

- 

3.052 

R = Me (22) 

<215 

_ 

208 

_ 

R = cyclohexyl 

<220 

>34,500 

133 

_ 

R = /-butyl (5) 

222 

59,000 

115 

2.894 

R = benzyl (21) 

247 

40,600 

— 

2.823 


R 3 Sn—SnR 3 

— L “ 

2 R 3 Sn • 

R 3 Sn-SnR 3 

AH (kcal mol 1 ) 

T(°C) v(Sn-Sn) (cm 1 ) 

R - -O-M* (23) 

Me 

49 ± 2 

180 102 

R= “0-Et (24) 

Et' 

26.6 ±2 

100 92 

R - (25) 

Pr 1 ' 

8.5 ±1 

20 


Scheme 4 
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Thus, compound 23, with a f(Sn-Sn) of 102 cm -1 , appears to thermally 
dissociate beginning at 180°C, compound 24 at 100°C [v(Sn-Sn) 92 cm -1 ], 
and finally, compound 25, for which v(Sn-Sn) cannot be measured, at 
only 20°C. Unfortunately, the structural parameters and the electronic 
spectra for compounds 23-25 have not yet been obtained, so a correlation 
between these parameters and their Sn-Sn bond lengths cannot be made. 

2. 119 Sn Nuclear Magnetic Resonance (NMR) Spectroscopy 

Due to the occurrence of two isotopes of tin with / = 1/2, ll9 Sn and 
117 Sn, of relatively high natural abundance (8.58% and 7.61%, respectively) 
and high receptivity (natural abundance times sensitivity) (25.6 and 19.9, 
respectively) relative to 13 C (= 1), ,19 Sn NMR spectroscopy is a powerful 
tool for the investigation of tin-containing compounds (42 a,b ). This is 
especially true for poly stannanes, where "J( n9 Sn— 1 l7 Sn) coupling constants 
between magnetically equivalent tin atoms can still be obtained and the 
corresponding n J( ll9 Sn- ll9 Sn) values derived [via the relationship 
"J( U9 Sn- ll9 Sn)/"J( II9 Sn- n7 Sn) = 1.046]. 

As Table III indicates, the nature of the substituents in distannanes can 
influence both the chemical shift (8; referenced relative to tetramethyltin) 
and the direct one-bond coupling constant, l J( n9 Sn- l,9 Sn). The influence 
of substituents on chemical shifts has been discussed in detail elsewhere 
(42 a)\ therefore, an in-depth analysis of the nature of this influence will 
not be repeated here. However, the influence of substituents on the 
1 J( U9 Sn- ll9 Sn) values deserves some comment (43-44 a-c). In the case 
of peralkyldistannanes (Table III), it has been proposed that from an 
apparent linear correlation between 'J( l,9 Sn- ,,9 Sn) and 2cr* (the sum of 
the Taft a* constants of the six alkyl groups bound to the tin atoms), the 
main factor involved in determining the value of 'J( ll9 Sn- u9 Sn) in these 
compounds is Z efr , the effective nuclear charge at the tin nucleus (43 a,b). 
However, an alternative proposal to explain the trend observed in Table 
III is based on the equation derived by Pople and Santry (45) for the 
coupling mechanism in a two-body spin system [Eq. (7)]. Here, ^ ns (0) 

ly XY= • ^nsex/O) • V 2 ns(Y)(0) * *XY (7) 

is the valence s electron density at the nucleus and ir XY is the mutual 
polarizability of the atoms X and Y. Since v XY is related to the valence 
5-overlap integral (3 between X and Y, it has been argued that the increase 
in nonbonded interactions that occurs with increasing a-branching of the 
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TABLE III 

II9 Sn NMR Data for Distannanes 
Compound:RjSn-SnR, 8 (ppm) l J( ,,9 Sn- ll9 Sn) (Hz) 


R= -O < 18 > 

R= —0~ Me ( 19 > 


R= — O (2«) 

Me 

iP \_ 

R 3 = Br, 2 —O- iPr (10) 
iPr 

R = Me (22) 

R = Bu 
R = Pr 1 
R, = Pr'-., Bu' 

R = Bu' (5) 

R = Benzyl (21) 


-144.7 4480 


-141.9 4570 


-136.8 4297 


-118.3 5212 


-108.7 4211 

-83.2 2625 

-29.1 1155 

-21.5 730 

-6.1 57 

-44.6 1780 


alkyl substituents in distannanes leads to a diminishing of /3, and in turn, 
to the magnitude of ‘J( ll9 Sn- ll9 Sn) (44 a-c). Interestingly, in the case of 
peraryldistannanes, ’JC 119 Sn— 1I9 Sn) seems to be much less sensitive to an 
increase in Sn-Sn bond length brought about by an increase in steric 
interactions [cf. 'J( ll9 Sn-" 9 Sn) = 4480 Hz for hexaphenyldistannane 18 vs 
a value of 4297 Hz for hexakis(2-methylphenyl)distannane 20 (Table III)]. 


D. Reactivity 

The chemical reactivity of the Sn-Sn bond has also been amply re¬ 
viewed, and some of the more common reactions involving this moiety 
are shown in Scheme 5 (13). Of these, the reductive cleavage of distan¬ 
nanes with alkaline metals has been used as a convenient source of the 
correspondinng triorganotin anions, R 3 SnM, and these have found utility 
in the preparation of a number of organotin compounds that are useful 
for organic synthesis, especially for the case where R = Me or Bu (46). 
Concerning the strength of the Sn-Sn bond in distannanes, AH diss has 
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R 3 Sn-S-SnR 3 

or 

RjSn-Se-SnRj 


R 3 Sn-Co(CO) 4 


2 R 3 SoX 
X = Br, I 


M - Li, Na 
Scheme 5 


been estimated to be about 66 kcal mol -1 in hexamethyldistannane (22) 
{47), and simple hexaalkydistannanes can be distilled without decomposi¬ 
tion. As previously discussed, only when severe nonbonded interactions 
between substituents are present, as in the compounds 23-25, does one 
observe facile bond dissociation in solution. On the other hand, homolysis 
of the Sn-Sn bond occurs readily when distannanes are irradiated with 
ultraviolet light. It has also been observed that the halide-containing distan¬ 
nanes, R 3 SnSnR 2 Br (R = Me and Et) and 1,2-dichloro-l, 1,2,2-tetramethyl- 
distannane (8), thermally decompose at fairly low temperatures (48). With 
oxygen, distannanes react to provide the corresponding distannoxanes, 
R 3 Sn-0-SnR 3 . Sulphur and selenium can similarly be inserted into the 
Sn-Sn bond, and while peralkyl distannanes are typically more reactive 
than peraryl ones, bulky substituents can retard these reactions by raising 
energy barriers for bimolecular processes. The use of sterically demanding 
substituents is, in fact, the basis for a strategy known as kinetic stabiliza¬ 
tion, which has been successfully employed for the synthesis of polystan- 
nane frameworks that would normally have highly reactive Sn-Sn bonds. 
Finally, a few other reactions of distannanes deserve comment. First, 
halogens typically react rapidly and quantitatively (33a), and titration 
with iodine or bromine can be used for estimating the Sn-Sn bond con¬ 
tent of polystannanes. In addition, a variety of transition-metal com¬ 
pounds react with distannanes to form triorganotin-transition-metal 
complexes (42b). 



Structure/Property Relationships of Polystannanes 


205 


III 

LINEAR POLYSTANNANES 


A. Synthesis 
1. Tri- and Tetrastannanes 

The synthesis of tristannanes and linear tetrastannanes can be achieved 
in a straightforward manner by employing the hydrostannolysis reaction 
and diorganotin dihydrides (26) and 1,1,2,2-tetraorganodistannanes (9) 
according to Eq. (8) (49). As shown, this methodology can be used to 

2R' 3 Sn-NMe 2 + H-(R 2 Sn) B -H -► R' 3 Sn-(R 2 Sn) n -SnR' 3 (8) 

26 (n = 1) n = 1 and 2 

9 (n = 2) R = R';R*R' 

prepare a range of compounds with a mixture of substituents, although 
in the case of tetrastannanes, this range is limited, since only two tetraor- 
ganodistannanes are readily available (R = Bu and Bu' in 9). Interestingly, 
the alternative reaction of diorganotin bisamides with triorganotin hydrides 
leads only to a mixture of oligomeric products, presumably as a result of 
a transamination process. A mixture of oligomeric perbutylated linear 
polystannanes is also obtained by the reaction of hexabutyldistannoxane 
(27) with formic acid at elevated temperature (50). From this mixture, 
Jousseaume and co-workers (50) separated octabutytristannane (28) and 
decabutyltetrastannane (29) in pure form through the use of reverse-phase 
high-pressure liquid chromatography (HPLC). These researchers also re¬ 
port that the coupling of diorganotin dihyrides with triorgano(AT-phenylfor- 
mamido)stannanes, a procedure originally introduced by Creemers and 
Noltes (51) for the synthesis of linear polystannanes, actually produces 
a mixture of products as determined by HPLC analysis. 

For the stepwise construction of homologously pure linear polystannane 
oligomers via the hydrostannolysis reaction, a new strategy that makes 
use of a “masked” Sn-H functional group has recently been introduced 
(52). As shown in Scheme 6, the reagents 30, bearing a /3-ethoxyethyl 
substituent, are prepared through the hydrostannation of ethylvinyl ether 
with the corresponding diorganotin hydridochloride 7, followed by reac¬ 
tion of the intermediate product with lithium dimethylamide. Coupling of 
30a (R = Bu) with tributyltin hydride provides the distannane 31, which 
is treated with diisobutylaluminum hydride (DIBAL-H) to remove the 
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■s^^OEt 
RR'SnHCl -■ 

7 



LiNMea 



NMe 2 


OEt 


30a; R = R' = Bu 
30b; R = Ph, R' = Me 


Bu 3 SnH 


Bu 3 Sn-SnBu 2 H 


31 


32 


Bu 3 Sn-SnBu 2 -SnBu 2 H 


30a 


Bu 3 Sn-(SnBu 2 ) 2 -SnBu 2 


Bu 3 Sn-(SnBu 2 ) 2 -SnBu 2 H 


35 


Scheme 6 


36 


/3-ethoxyethyl group and generate the new distannane 32. Repetition of 
this two-step sequence of reactions then provides the butylated tri- (33 
and 34) and tetrastannanes (35 and 36). Most importantly, however, 
through the use of conventional column chromatography, each of the 
polystannanes can be purified to homogenity, as determined by ‘H and 
ll9 Sn NMR and HPLC analysis, after each step in Scheme 6. Finally, by 
employing different coupling reagents (i.e., 30a and 30b), the programed 
synthesis of isomeric linear polystannanes can be carried out, as in the 
case of the two tristannanes 37 and 38 shown in Scheme 7 (52). 

In addition to the hydrostannolysis reaction, another procedure that 
has been used for the synthesis of tristannanes, such as compound 39, is 
through the reaction of the triorganotin anions, R 3 SnLi, with diorganotin 
dihalides according to Eq. (9) in Scheme 8. This method has also been 


Bu 3 Sn-SnBu 2 -SnPhMe— 


Bu 3 Sn-SnPhMe-SnBu 2 

37 


Scheme 7 
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2 Ph 3 SnLi + I-(Bu' 2 Sn) n -I -► PhjSn-fSnBu^-SnP^ (9) 

n= 1 39 (n= 1) 

n = 2 (41) 40 (n = 2) 


Bu^SnCh + Bu'MgCl 


Bu'jSn-SnBu^-SnBu^ 

42 

+ ( 10 ) 

BuSSn-SnBuS 

,1 I , 

BuSSn-SnBuS 

43 


BuSSn-SnBuS 

II 

Bu‘ 2 Sn-SnBuS 

43 


X-SnBu t 2-(SnBu , 2)2-Bu , 2 Sn-X (11) 

44 (X = Br) 

45 (X = I) 


Br-SnBu , 2-(SnBu t 2)2-Bu 1 2Sn-Br 

44 


2 PhSNa 


PhS-SnBu , 2-(SnBu , 2) 2 -Bu t 2 Sn-SPh 


46 (12) 

Scheme 8 


extended to the synthesis of the tetrastannane 40 through the addition of 
Ph 3 SnLi to 1,2-diiodo-1,1,2,2-tetra(/-butyl)distannane 41 (55), as shown 
in Eq. (9) (54). Finally, as in the case of distannanes, a few tri- and 
tetrastannanes have been prepared through some novel routes. These 
include octa(/-butyl)tristannane 42, which is obtained as a by-product in 
the reaction of di(/-butyl)tin dichloride with f-BuMgCl [Eq. (10), Scheme 
8] (24). The main product of this latter reaction is actually the cyclotetra- 
stannane 43 (54), which can be selectively ring-cleaved with one equivalent 
of either bromine or iodine to provide the 1,2-dihalo-l ,l,2,2,3,3,4,4-octa(/- 
butyl)tetrastannanes 44 and 45 (X = Br and I, respectively) [Eq. (11), 
Scheme 8] (24,55,56). Finally, compound 44 has been used for the synthe¬ 
sis of the tetrastannane 46 [Eq. (12)] (24). 
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.—OEt 

Bu 3 Sn-(SnBu 2 )„-SnBu 2 —' 

48 (n = 3) 

49 (n = 4) 

Scheme 9 


Ph3Sn-(SnBu l 2)n-SnPh3 


50 (n * 3) 

51 (n = 4) 


2. Higher-Order Polystannane Oligomers 

Very few studies of fully characterized linear polystannanes with chain 
lengths of greater than four tin atoms have appeared. As mentioned pre¬ 
viously, each of the compounds in the perethylated series, Et 3 Sn(Et 2 Sn)„- 
SnEt 3 (n = 0-4) originally reported by Ceemers and Noltes (51) is likely 
to be a mixture of oligomeric products as revealed by modern methods 
of analysis. In fact, through the use of HPLC, Jousseaume and co-workers 
(50) were also able to separate the perbutylated pentastannane, Bu 3 - 
Sn(Bu 2 Sn) 2 SnBu 3 (47), in pure form from a similar type of mixture. Exten¬ 
sion of the synthetic methodolgy presented in Scheme 6 has also provided 
the homologously pure pentastannane and hexastannane, 48 and 49 
(Scheme 9), respectively, and the potential exists for the synthesis of 
longer linear polystannanes by this route. Finally, using methodology 
presented in Scheme 8, Adams and Drager (54) have extended their series 
of crystalline polystannanes to include the penta- and hexastannanes, 50 
and 51, respectively (Scheme 9). 


B. Structural Studies 

Relatively few linear polystannanes have been the subject of crystallo¬ 
graphic analysis; Table IV and Fig. 4 provide some selected structural 


TABLE IV 

Selected Bond Lengths and Bond Angles for Linear Polystannanes 



Sn-Sn (A)“ 



Compound 

Sn ft -Sn, 

Snj,-Snj, 

Sn-Sn-Sn (°) 

Ref. 

Bu^Sn-SnBu'j-SnBu'j (42) 

X-Bu' 2 Sn-(SnBu' 2 ) 2 -SnBu‘ 2 -X 

2.966 

- 

122.1 

(24) 

X = Br (44) 

2.887 

2.928 

117.3 

(24) 

X = I (45) 

2.895 

2.924 

117.0 

(56) 

X = SPh (46) 

2.910 

2.928 

118.7 

(24) 


0 b = bridging, t = terminal. 
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Fig. 4. Molecular structures for: (a) tristannane 39, (b) tetrastannane 40, (c) pentastan- 
nane 50, and (d) hexastannane 51. Reprinted with permission from Adams and Drager (54). 

parameters of those that have been reported to date. From this tabulation, 
many of the trends that were observed for substituted distannanes are 
preserved for the longer linear polystannanes. For instance, severe non- 
bonded interactions can greatly perturb both Sn-Sn bond lengths and 
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Sn-Sn-Sn bond angles as revealed by the solid-state structure of the 
tristannane 42. In this compound, the Sn-Sn bond length has been elon¬ 
gated to 2.966 A and the Sn-Sn-Sn bond angle has been opened up to 
an incredible 122.1° (Table IV). These values can be contrasted with the 
structural parameters for the tristannane 39, which possesses more-normal 
Sn-Sn bond length and Sn-Sn-Sn bond angle values of 2.80 A and 107°, 
respectively (Fig. 4). Compound 39 is the first in a homologous series of 
linear polystannanes, i.e., 39, 40, 50, and 51, that have been subjected to 
crystallographic analysis. As shown in Fig. 4, an interesting chain-length 
dependence can be observed in both the Sn-Sn bond length and the 
Sn-Sn-Sn bond angle values; namely, both of these structural parameters 
increase as the chain length gets longer. For example, in going from the 
tristannane 39 to the tetrastannane 40, the Sn^-Sn^ bond length value 
increases to 2.87 A, while the Sn-Sn-Sn bond angle increases to 117.3°. 
Undoubtedly, these increased distortions are dictated by an increase in 
nonbonded interactions, and these are probably magnified further for the 
central tin atom as one goes to the pentastannane 50 (Sn,,-Sn c , 
2.91 A; Sn-Sn-Sn, 119°). Quite curious, however, is the observation that 
the trend continues for the hexastannane 51 (Sn ft -Sn c , 2.97 A; Sn-Sn-Sn, 
121°), even though it could be argued that the nonbonded interactions 
experienced for the central tin atom should have reached a maximun in 
50. Unfortunately, longer crystalline polystannanes have not yet been 
prepared that could be used to determine where these parameters reach 
their maximum values. Concerning other polystannanes, the series of 
tetrastannanes represented by compounds 44-46 have been studied by 
crystallographic analysis, and their structural parameters all fall within 
the range that is now expected (Table IV). 


C. Properties 
1. Electronic Spectroscopy 

It has long been known that linear polysilane oligomers of the general 
formula R-(R 2 Si)„-R exhibit absorption maxima that shift to longer wave¬ 
lengths with an increase in chain length (57), and there has been much 
interest in developing theoretical models that can be used to explain the 
origin of this property (11,58). Polygermanes and polystannanes have also 
been shown to share this phenomenon. For the latter class of compounds, 
early work by Drenth, Noltes, and co-workers (59) showed that for the 
perethylated series of linear polystannanes. Et 3 Sn(Et 2 Sn)„SnEt 3 (n = 0-4), 
the lowest energy-absorption maxima red-shifted from X max 232 nm for 
the distannane (n - 0) to 325 nm for the hexastannane (n = 6). These 
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Fig. 5. Electronic spectra for: (1) tristannane 39, (2) tetrastannane 40, (3) pentastannane 
50, and (4) hexastannane 51. Also shown is a plot of the l,9 Sn NMR chemical shift (ppm) 
of the central tin atom versus the corresponding excitation wavelength of the linear poly stan- 
nane. Reprinted with permission from Adams and Drager (54). 


values are also red-shifted relative to polysilanes and polygermanes. Two 
other series of fully characterized linear polystannane oligomers have 
been spectroscopically investigated. One of these is the series of Adams 
and Drager, who reported the collection of electronic spectra shown in 
Fig. 5 for the compounds 39, 40, 50, and 51. Once more, one observes a 
red-shifting of the lowest energy absorption with increasing chain length 
and a broadening that results in an apparent decrease in intensity for 
this transition. These investigators interpret the origin of this electronic 
property as arising from the “onset of formation of a metal-like electronic 
band and thus propose the term ‘molecular metals’ for these compounds. ’’ 
More recently, Takeda and Shiraishi (60) have investigated this concept 
through a theoretical approach, and they find that the band gap in the 
linear polystannane, H-(H 2 Sn)„-H, should decrease significantly as a 
function of increasing Sn-Sn bond length and increasing Sn-Sn-Sn (a) 
and H-Sn-H (/3) bond angles. Furthermore, at fairly large values of a 
(e.g., 160°), they suggest that a metallic state for the polystannane may 
exist and that this state might be stabilized by an increase in pressure. 

The series of linear polystannanes represented by compounds 31, 33, 
35, 48, and 49 have also been the subject of spectroscopic analysis. In 
this case, a similar trend is observed, although the magnitude of the red- 
shift per tin atom is less than that observed for the previous series (Fig. 
6). This discrepency between the two series of linear polystannanes is 
likely to be a result of the strong nonbonded interactions in the former 
(i.e., 39, 40, 50, and 51), which severely restrict conformational mobility 
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(xi<r*) 



Wavelength (nm) 

Fig. 6. Electronic spectra for the linear polystannanes represented by compound 31 
(n = 0), compound 33 (n = 1), compound 35 (n = 2), compound 48 (n = 3), and compound 
49 (n = 4). Reprinted with permission from Sita (52). 


and produce an increase in the mean Sn-Sn bond length with increasing 
chain length. For polysilanes, it has been observed that a red-shifting 
occurs when the Si-Si cr-bonded backbone adopts an all-frans conforma¬ 
tion (10,11). Finally, concerning the electronic spectra of other linear 
polystannanes, unfortunately, only that of the tetrastannane 45 with a X max 
of 340 nm has been reported. This absorption is shifted by nearly 50 nm 
relative to the tetrastannane 40, and it will be interesting to see whether 
this effect of halogen substitution will be a general one. In summary, it 
is clear from the preceding discussion that there is still much left to be 
done concerning the investigation of the electronic properties of linear 
polystannane oligomers. In this regard, the synthesis of well-defined linear 
oligomers with chain lengths of greater than six tin atoms and with a 
variety of substituents is of paramount importance. 

2. ll9 Sn NMR Spectroscopy 

The ll9 Sn NMR parameters [8 and "J( l,9 Sn- ll9 Sn) values] for several 
selected linear tri- and tetrastannanes and for one pentastannane are pro¬ 
vided in Table V. As with distannanes, some general trends can be ob¬ 
served from this compilation. To begin with, an increase in the a-branching 
of alkyl substituents has a pronounced effect on the chemical shifts of 
tristannanes for both the terminal and the bridging tin atoms, as seen in 



TABLE V 

119 Sn NMR Data for Selected Linear Polystannanes 




6 (ppm)“ 


"J( ,19 Sn h -' 

l9 Sn b ) (Hz)" 



Compound 

Sn, 

Sn 4 

l J( ll9 Sn,- 119 Sn*) 

'J(» 9 Sn*- II9 Sn*) 

2 J( ,l9 Sn- ll9 Sn*) 

3 J( ll9 Sn,- ll9 Sn,) 

Ref. 

RjSn-SnR 2 -SnR 3 

R = Me 

-99.5 

-261.7 

2873 

— 

763 

— 

(43b) 

R = Bu (28) 

-75.6 

-226.6 

15% 

— 

417 

— 

(50) 

R = Pr' 

-35.0 

-132.9 

403 

— 

188 

— 

(43b) 

R = Bu' (42) 

20.4 

17.0 

774* 

— 

(?) c 

— 

(24) 

X-R 2 Sn-(SnR 2 ) 2 -SnR 2 -X 

R = X = Bu (29) 

-74.3 

-212.6 

15% 

601 

295 

233 

(48) 

R = Bu', X = Br (44) 

102.8 

25.2 

1991* 

1475* 

25 

271 

(24) 

R = Bu', X = I (45) 

67.7 

17.4 

2199* 

1575* 

20 

307 

(56) 

R = Bu', X = SPh (46) 

33.8 

40.9 

1536/1655* 

1428* 

— 

250 

(24) 

BU3S11—(SnBu2)3 _ S11B113 (47) 

-75.6 

-199 (Sn*) 
-210 (Sn c ) 

1368 

(?) f 

261 

220 

(48) 


" b - bridging, t = terminal, c = central. 
* Might be negative in sign. 
r Not reported or not observable. 
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going from R = Me to R = Bu'. In this series, the chemical shift for the 
bridging tin atom moves over a remarkably large range by shifting from 
a value of -261.7 ppm to a value of 17.0 ppm. For the first three members 
of this series (i.e., R = Me, Bu, and Pr 1 ), a steady decrease in the 
M( u9 Sn- ll9 Sn) (n = 1 and 2) values is also observed. This latter trend is 
surprisingly broken, however, by a jump in magnitude for 'J( ll9 Sn- U9 Sn) 
that is observed for the case where R = Bu' (Table V). In this regard, it 
is important to mention that what are reported in Table 5 are actually the 
absolute magnitudes for the coupling constants, | n J( 1,9 Sn- 119 Sn)|. Since it 
has been previously shown that l J( 1,9 Sn- ll9 Sn) values can be negative in 
sign and that a change in sign from positive to negative occurs around a 
Sn-Sn bond length of 2.85 A, the value reported for R = Bu' (Sn-Sn, 
2.966 A) might, in fact, be a negative value (44a,54). If this correction is 
made, then the original trend observed for the series is preserved. 

In comparing the values of "J( 1,9 Sn- ll9 Sn) reported for the perbutylated 
polystannane series, Bu 3 Sn-(Bu 2 Sn)„-SnBu 3 (n = 1-3) (compounds 28, 
29, and 47), it is interesting to note the chain-length dependence of the 
1 J( l,9 Sn,- ll9 Sn i) ) values, which decrease from a value of 2873 Hz to a value 
of 1368 Hz as n goes from 1 to 3 (Table V). It is difficult to imagine that 
for R = Bu there is a significant change in the Sn f -Sn fc bond length for 
the series of compounds. Thus, it seems probable that the l J( ll9 Sn,- ll9 Sn /) ) 
values for these compounds are reflecting a subtle change in the electronic 
structure of the polystannane backbone as chain length increases. Another 
interesting observation can be made by comparing the "J( ll9 Sn- l,9 Sn) 
values obtained for the series of tetrastannanes listed in Table V. In this 
comparison, it is interesting to note that the 'J( U9 Sn- U9 Sn) values appear 
to be significantly enhanced for the compounds 44-46 relative to those 
of the perbutylated compound 47. However, all of the Sn-Sn bonds for 
44-46 are over 2.85 A; therefore, it is possible that the values of 
'J( ll9 Sn- ll9 Sn) that are reported for these compounds should be negative 
as well. As mentioned previously, a detailed understanding of all of these 
phenomenon awaits the synthesis of additional linear polystannanes deriv¬ 
atives. 


D. Reactivity 

Much less has been documented concerning the chemical reactivity of 
linear polystannane oligomers, but, at the outset, it can be expected to 
closely parallel that reported for distannanes. It is known that these com¬ 
pounds are air-sensitive when the substituents posses small steric bulk. 
But so far, no attempts have been conveyed concerning the controlled 
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oxidation or insertion of sulfur and selenium into the Sn-Sn bonds of 
these compounds. In the absence of disproportionation, this latter reaction 
might lead to oligomers of the general formula R 3 Sn-(R 2 SnE)„-SnR 3 
(E = S and Se), which might possess interesting properties (61). Linear 
polystannanes are known to undergo photolytic Sn-Sn bond dissociation; 
however, a detailed investigation of their thermal stability has yet to be 
conducted (62). Finally, the 1,4-diiodotetra-stannane 45 has found utility 
as a precursor to the cyclic compounds 52-54 via the route shown in Eq. 
(13) (63). 


I-SnBu'j-tSnBujb-Bu'jSn-I 

45 


H 2 E 

Et 3 N 



52 (E = S) 

53 (E = Se) 
54(E = Te) 


IV 

BRANCHED POLYSTANNANES 


A. Synthesis 

The first synthesis of a branched polystannane was achieved by Willem- 
sens and van der Kerk (64) through the reaction of Ph 3 SnLi with tin 
tetrachloride to produce compound 55, as shown in Scheme 10 [Eq. (14)]. 
A more general route, however, is represented by the hydrostannolysis 
reaction between organotin trihydrides 56 and (dimethylamino)trimethyl- 
stannane (57) according to Eq. (15) (65). In fact, extension of this method¬ 
ology was also successfully used to prepare the permethylpentastannane 
58 [Eq. (16)] (65). Finally, it has been shown that a solution of Me 3 SnLi 
disproportionates to produce (Me 3 Sn) 3 SnLi (59) in solution [Eq. (17)] 
(44c,66), and this compound has in turn been used to prepare branched 
polystannane transition-metal complexes (67). 


B. Structural Studies, Properties, and Reactivity 

Unfortunately, very little has been done to date regarding the investiga¬ 
tion of branched polystannanes. No structural studies have been per¬ 
formed, and only the electronic spectrum of compound 55 (A max 277 nm; 
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(Ph3Sn>3Sn 

55 


(14) 


RS11H3 + 3 Me 2 N-SnMe 3 

56 57 


(Me 3 Sn) 3 SnR ( 15 ) 

R = Me, Et, Bu, Bu 1 , 
n-Pentyl, Ph 


H4S11 + 4 Me 2 N-SnMe 3 


(Me3Sn) 4 Sn (16) 

58 


MesSnLi 


Scheme 10 


(Me 3 Sn) 3 SnLi ( 17 ) 

59 


e max 79,000) has been reported (37). Most of the compounds shown in 
Scheme 10 have, however, been the subject of investigation by 1 l9 Sn NMR 
spectroscopy; the data collected from these studies are listed in Table VI. 
As can be seen in this compilation, an increase in the number of tin atoms 
bonded to the tin center dramatically alters its chemical shift to higher 
field [cf. 8-108.1 ppm for Me 3 SnSnMe 3 , -261.7 ppm for (Me 3 Sn) 2 SnMe 2 , 
-489.7 ppm for (Me 3 Sn) 3 SnMe, and -739 ppm for (Me 3 Sn) 4 Sn]. Another 
feature is that as more tin atoms are bonded to the central tin, the 
'J( ll9 Sn- ll9 Sn) values progressively decrease in magnitude [cf. 4404 Hz 
for Me 3 SnSnMe 3 , 2873 ppm for (Me 3 Sn) 2 SnMe 2 , 1733 Hz for (Me 3 Sn) 3 - 
SnMe, and 881 Hz for (Me 3 Sn) 4 Sn]. A similar relationship is also observed 
for the 2 J( ll9 Sn- ll9 Sn) values (Table VI). Since structural parameters for 
these compounds do not yet exist, it is not clear whether some of the 
trends can be attributed to an increase in Sn-Sn bond lengths as the 
degree of branching at the central tin atom increases. It is likely, however, 
that the effective nuclear charge at the central tin atom, Z eff , does vary 
with branching, and this then may be involved, at least to some degree, 
in defining the ll9 Sn spectral parameters. Finally, while the chemical reac¬ 
tivity of branched polystannanes has not been investigated, Mitchell and 
El-Behairy (65) do report that heating a solution of (Me 3 Sn) 3 SnMe in 
benzene at 80°C resulted in decomposition to produce hexamethyldistan- 
nane and some as-yet-unidentified products. 
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TABLE VI 

i, 9 Sn NMR Data for Branched Polystannanes 



8 (ppm)" 

"J( n9 Sn t - 

,19 Sn*) (Hz)“ 


Compound 

Sn, 

Sn,, 

'J( 119 Sn,-" 9 Sn t ) 

2 J( ll9 Sn,-" 9 Sn,) 

Ref. 

RSn(SnMe 3 ) 3 

R = Me 

-89.5 

-489.7 

1733 

287 

(65) 

R = Et 

-89.3 

-440.9 

1538 

259 

(65) 

R = Bu 

-90.3 

-459.9 

1548 

265 

(65) 

R = Bu' 

-90.3 

-480.4 

1546 

262 

(65) 

R = n-Pentyl 

-90.1 

-460.5 

1535 

262 

(65) 

R = Ph 

-83.2 

-434.2 

1670 

271 

(65) 

R = Li (59) 

-101.7 

-1044 

-5737 

908 

(44a-c) 

Sn(SnMe 3 ) 4 (58) 

-80.0 

-739.0 

881 

20 

(44a-c) 


0 b = bridging, t = terminal. 


V 

CYCLOPOLYSTANNANES 


A. Synthesis 

Of all the different structural classes for polystannanes, cyclic struc¬ 
tures have received by far the most attention. Much of this interest ema¬ 
nates from early reports claiming the successful synthesis of monomeric 
divalent diorganotin species (stannylenes) of the general formula R 2 Sn 
for the specific cases of R = cyclohexyl and phenyl (65). Subsequent 
investigations have proven, however, that only through the use of organic 
substituents that are extremely sterically encumbered can one stabilize 
the monomeric form. This concept was demonstrated by the classical 
work of Lappert and co-workers (25,69), who synthesized compound 15 
and found that, while dimeric in the solid state in the form of the distannene 
60, it was present in solution to a large extent as the monomer (Scheme 
11). This solution equilibrium between stannylene and distannene was 
later confirmed by variable-temperature NMR and ultraviolet (UV) spec¬ 
troscopic studies (23,70). By fine-tuning the steric envelope surrounding 
the tin atom, Sakurai and co-workers (71) recently succeeded in synthesiz¬ 
ing the first divalent diorganotin compound, compound 61, which is mono¬ 
meric both in solution and in the solid state, as revealed by crystallographic 
analysis. The molecular structure of 61 as provided by this latter study 
is shown in Fig. 7. Finally, Weidenbruch and co-workers (72) were also 
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£ 

tms'tms 

61 



Scheme 11 



subsequently able to show that the diarylstannylene 62 is monomeric in 
solution and the solid state (Scheme 11). 

Regarding cyclopolystannanes, it was first proposed by Neumann and 
Konig (73) that the "diphenyltin,” which was previously prepared from 
either reduction of diphenyltin dichloride with alkaline metals or reaction 
of tin dichloride with either phenyllithium or phenylmagnesium bromide, 
was, in fact, dodecaphenylcyclohexastannane 63 (Scheme 12). This was 
later confirmed by the partial structural analysis of 63, which revealed 
the tin atoms to be arranged in a six-membered ring that adopts a chair 
conformation (74). Neumann and Konig also determined that 63 could 
be produced through the pyridine-catalysed dehydrogenative coupling of 
diphenyltin dihydride according to Scheme 12. Through extension of this 
latter methodology, Neumann and co-workers (75) reported the synthesis 
of a number of other peraryl cyclohexastannanes, as well as the synthesis 
of a number of peralkyl cyclopolystannanes, (R 2 Sn)„, of varying ring sizes. 
For example, where R = ethyl, cyclopolystannanes for n = 6 and 9 are 
supposedly formed. Additional cyclic compounds reported by this group 
include a cyclotetrastannane for R = benzyl and a cyclopentastannane 
for R = cyclohexyl. Furthermore, by varying the nature of the amine 
used for the dehydrogenative coupling reaction, it was claimed that deca- 
phenylcyclopentastannane could be formed. Subsequent reinvestigations 
have now revealed by crystallographic analysis that dodecabenzylcyclo- 
hexastannane 64 is formed as the major product under the conditions 
reported for the synthesis of the cyclotetrastannane (Scheme 12) (76), and 





R 2 SnH 2 + R 2 Sn(NMe2)2 




R = Me 



65 



R 2 SnCl 2 + Bu'MgBr 


" 5 > 



43: R = Bu' 
69: R = t-amyl 


R 2 Sn<^ 



17: R- 


~P 


R 2 Sn' 


*2 

/V 


Scheme 13 




Structure/Property Relationships of Polystannanes 221 

the cyclohexastannane 63 is still the major product when the original 
synthesis of decaphenylcyclopentastannane is carried out (77). To date, 
unequivocal determination of the structure reported for decacyclohexyl- 
cyclopentastannane by either crystallographic analysis or 1 l9 Sn NMR spec¬ 
troscopy has not been reported. However, Jousseaume and co-workers 
(78) have recently used this latter technique to verify the structures of 
decabutylcyclopentastannane, (Bu 2 Sn) 5 , and dodecabutylcyclohexastan- 
nane, (Bu 2 Sn) 6 , both of which were isolated in pure form from a mixture 
of cyclopolystannanes prepared from the palladium-catalyzed dehydro- 
genative cyclization of dibutylstannane. 

In addition to the methods shown in Scheme 12 for the synthesis of 
cyclopolystannanes, this class of compound has been prepared by a hydro- 
stannolysis procedure that utilizes diorganotin dihydrides and diorganotin 
bisamides. In this way, the cyclotetrastannane 65 was prepared in high 
yield according to Scheme 13 (79). This strategy has also been used to 
prepare dodecamethylcyclohexastannane 66 as well as its perdeuterated 
analog (80). For the synthesis of other cyclotetrastannanes, Lappert and 
co-workers (81) isolated the four-membered ring compound 67 through 
reaction of tin tetrachloride with the organolithium reagent 68 at -78°C 
(Scheme 13). In addition. Puff and co-workers (53) utilized the same 
procedure as for the synthesis of octa-/-butylcyclotetrastannane 43 to 
prepare the cyclotetrastannane 69 that possesses f-amyl (i.e., 1,1-dimethyl- 
propyl) substituents. The cyclotetrastannane 70 bearing one bromine sub¬ 
stituent was produced unexpectedly from the reaction of l-lithio-2,6-dieth¬ 
ylbenzene 71 with tin dichloride at -78°C in diethyl ether (82). Finally, 
it has been reported that the reaction of a solution of the cyclotristannane 
17 in THF with lithium metal, followed by quenching with ammonium 
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chloride, results in a very good yield of the substitutionally unsaturated 
cyclotetrastannane (see Scheme 13) (39). 

Concerning the synthesis of the smallest cyclopolystannane ring system, 
the first synthesis of a cyclotristannane was achieved in 1983 through the 
reduction of bis(2,6-diethylphenyl)tin dichloride with lithium naphthalen- 
ide at low temperature according to Scheme 14 (27). The cyclotristannane 
12 was prepared in a similar fashion a few years later (21). Since then, 
several groups have reported that these cyclotristannanes can be prepared 
in a straightforward fashion through addition of the corresponding aryl- 
magnesium bromide reagents to a solution of tin dichloride in tetrahydrofu- 
ran (83-85). Paralleling these observations, it has also been reported that 
the synthesis of the cyclopolystannanes, (Phen 2 Sn)„ (n = 3, 4, and 6) 
(Phen = 9-phenanthryl) can be achieved via similar procedures (86). 


B. Structural Studies 

Dodecaphenylcyclohexastannane 63 has been the subject of several 
crystallographic analyses (74,76,77). Surprisingly, as Table VII reveals, 
the structural parameters for this compound, such as Sn-Sn bond lengths 
and Sn-Sn-Sn bond angles, are remarkably dependent on its crystalline 
form. Thus, without inclusion of solvent molecules in the unit cell, 63 
adopts a conformation with Sn-Sn-Sn bond angles ranging from 108.3° 
to a very wide value of 121.6°, whereas when two molecules of toluene 
are included, these bond angles are in the more expected range of 109.5° 
to 114.0°. In the latter structure, the Sn-Sn bonds are also slightly reduced 
to 2.775 A from the 2.781 A value observed for the former crystalline 
form. Altogether, this structural information supports the view that due 
to small-force constants for Sn-Sn bond length and Sn-Sn-Sn bond angle 


TABLE VII 


Selected Bond Lengths and Bond Angles 
for [Ph 2 Sn] 6 (63) (76,77) 


Parameter 

A 

Crystal Form 

B 2 toluene 

Sn-Sn bond lengths (A) 

2.781 

2.787 

2.775 

Sn-Sn-Sn bond angles (°) 




Snl-Sn2-Sn3 

108.3 

109.0 

109.5 

Sn2-Sn3-Sn(l') 

121.6 

107.4 

114.0 

Sn3-Sn(l')-Sn(2') 

111.7 

116.0 

113.9 
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distortions, the equilibrium geometry of polystannane frameworks are 
easily perturbed by both internal forces (e.g,, nonbonded interactions) 
and external forces (e.g., crystal packing). The crystal structure of dodeca- 
benzylcyclohexastannane 64 reveals very few surprises, with a mean 
Sn-Sn bond length of 2.802 A and Sn-Sn-Sn bond angles in the range 
105°-111.7° (76). 

Forced to adopt formal bond angles of 60° and 90° degrees, respectively, 
the skeletal frameworks of cyclotristannanes and cyclotetrastannanes are 
of interest with regard to the information they could provide concerning 
the origins and manifestations of strain in polystannane structures. The 


TABLE VIII 


Selected Bond Lengths and Bond Angles for Cyclotetrastannanes 
and Cyclotristannanes 


Compound 

Sn-Sn (A) 

Sn-Sn-Sn (°) 

Ring 

Ref. 

[R 2 Sn] 4 

R = Bu' (43) 

R = /-amyl (69) 

2.887 

2.919 

90 

89.1 

Planar 

Puckered 

(53) 

(53) 

TMS 

¥ 





Rj= vO (<7) 

2.852 

88.2 

Planar 

m 

i 

TMS 





R = trimethylsilylmethyl (65) 
BrSnR[SnR 2 ] 3 (70) 

2.831 

90 

Planar 

(79) 

El' 

2.899 

2.910 

2.843 

2.831 


Puckered 

(82) 

[R 2 Sn] 3 





E ‘ (17) 

2.854 

2.856 

2.870 

60 (avg) 

Isoceles 

(27) 

** (12) 

2.916 

2.947 

2.963 

60.16 

60.73 

59.13 

Scalene 

(84) 
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(a) 


(b) 




Fig. 8. Molecular structures of: (a) the cyclotetrastannane 43, and (b) the cyclotetrastan- 
nane 69. Reprinted with permission from Puff el al. {53). 



Fig. 9. Molecular structure of the cyclotetrastannane 67. Reprinted with permission 
from Lappert et al. (81). 
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first cyclotetrastannane to be structurally characterized was the f-butyl- 
ated derivative 43, and this compound was subsequently subjected to full 
crystallographic analysis along with the cyclotetrastannane 69 (5J). As 
Table VIII and Fig. 8 indicate, the two cyclotetrastannanes adopt different 
ring conformations, with 43 being planar and 69 being puckered. The mean 
Sn-Sn bond length of the latter, 2.919 A, is slightly longer than the 2.887 
A found for 43. 

A very interesting cyclotetrastannane structure is that of compound 67 
reported by Lappert and co-workers (81). During the synthesis of this 
cyclotetrastannane, several different diastereomers could have been 
formed; however, only the diastereomer shown in Fig. 9 of C 4h symmetry 
was produced. The four-membered ring in this structure is planar, with 
a Sn-Sn bond length of 2.852 A and a mean Sn-Sn-Sn bond angle of 
88.2°. Another planar cyclotetrastannane is compound 65, which has a 
slightly shorter mean Sn-Sn bond length, 2.831 A (Table VIII) (79). Fi¬ 
nally, Cardin and co-workers (82) have reported the structure of the novel 
bromocyclotetrastannane 70, which adopts a substantially puckered con¬ 
formation in the solid state. In addition, most of the Sn-Sn-Sn bond 
angles in this structure deviate significantly from 90°, and the Sn-Sn bond 



Fig. 10. Molecular structure of the cyclotetrastannane 70. Reprinted with permission 
from Cardin el al. (82). 



Fig. 11 . Molecular structure of the cyclotristannane 17. Reprinted with permission from 
Masamune et al. (27). 


lengths fall into two categories, long and short, as Table VIII and Fig. 
10 reveal. 

Concerning cyclotristannanes, both the derivatives 17 and 12 have been 
the subjects of crystallographic analysis. As shown in Fig. 11, compound 
17 forms an isoceles triangle in the solid state, with Sn-Sn bond lengths 
of 2.854, 2.856, and 2.870 A, respectively (Table 8) (27). However, this 
distortion from the expected equilateral structure produces very minor 
deviations in the observed Sn-Sn-Sn bond angles. Several years after its 
synthesis was first reported, the crystal structure of the more sterically 
encumbered cyclotristannane 12 was also determined (84). Although the 
refinement for this preliminary structure is less than optimal, owing to 
the large size and complexity of the unit cell, several important features 
can still be discerned. First, the Sn-Sn bond lengths for 12 form a scalene 
triangle, with distinct values of 2.916, 2.947, and 2.963 A, respectively. 
Most importantly, due to severe nonbonded steric interactions present in 
this compound, the planes defined by the Sn 3 ring and the C-Sn-C bond 
angles deviate from orthogonality by between 8.1° and 11.5°. It is likely 
that this pronounced structural distortion is responsible for the low barrier 
to Sn-Sn bond dissociation present in the molecule (see later). 
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C. Properties 

The electronic spectrum of dodecaphenylcyclohexastannane 63 exhibits 
an intense absorption maximum at \ max 280 nm (e max —45,000). In the two 
cyclotristannanes, this characteristic feature is shifted to longer wave¬ 
lengths and now appears at X max 295 nm (e max 45,000) for 17 and at X max 
300 nm (e max 55,000) for 17 (21,27). Whether this shift is a result of longer 
Sn-Sn bond lengths in the three-membered ring system or is an inherent 
property of the cyclotristannane framework itself remains a question until 
further studies with these compounds are performed. In this regard, it is 
unfortunate that the electronic spectra of other cyclopolystannanes have 
not been reported. 

As Table IX reveals, a number of cyclopolystannanes have been sub¬ 
jected to analysis by 119 Sn NMR spectroscopy. For these compounds, the 
values for the various n J( l,9 Sn- 117 Sn) coupling constants can be unequivo¬ 
cally established via the relationship of the relative intensities of the satel- 


TABLE IX 

i19 Sn NMR Data for Selected Cyclopolystannanes 


Compound 

6 (ppm) 

1 J( 119 Sn- ll7 Sn) 

"J( 119 Sn- l,7 Sn) (Hz) 

2 J( ll9 Sn- ,l7 Sn) 

3 J(" 9 Sn-" 7 Sn) 

Ref. 


[R 2 Sn] 6 






R = Ph (63) 

-208 

1117 

813 

71 

(77) 

R = Bz (64) 

-140 

769 

362 

(?)* 

(76) 

R = Bu 

[R 2 Sn] 5 

-202 

462 

386 

81 

(78) 

R = Bu 

[R 2 Sn] 4 

-201 

476 

461 

— 

(78) 

R = Bu' (43) 

99 

1195 

1658 

— 

(53) 

R = /-amyl (69) 

101 

1339 

1573 

— 

(53) 

R = trimethylsilylmethyl (65) 
[R 2 Sn] 3 

-77 

624 

3850 


(21) 

R-J0 

Et (17) 

-416 

2285 

- 


(26) 

R = 

Pr* 

(12) 

-379 

3017 

- 

- 

(20) 


0 Not observed or not reported. 
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lites to the main resonance. In fact, as long as one is observing all the 
coupling constants that are possible, ll9 Sn NMR spectroscopy is a power¬ 
ful tool for establishing the ring size of cyclopolystannanes. For cyclohexa- 
stannanes, the absolute magnitudes for the "J( ,l9 Sn- u7 Sn) constants fall 
off with increasing n. However, for cyclotetrastannanes, it is curious to 
note that the two-bond coupling constant, 2 J( 119 Sn- ll7 Sn), is routinely 
larger than the corresponding one-bond coupling constant, l J( 1,9 Sn- ll7 Sn). 
One possible explanation for this trend is that for cyclotetrastannanes, 
the two two-bond pathways both make positive additive contributions to 
the value of 2 J( ll9 Sn- 1I7 Sn). Finally, it is interesting to note that for both 
of the cyclotristannanes, 17 and 12, the values for 'J( ll9 Sn- 117 Sn) fall within 
the range expected for simple compounds such as distannanes. 

Perhaps the most important question concerning the properties of cyclo¬ 
polystannanes is in regard to their thermodynamic stability. In the case 
of cyclohexastannanes, it can be anticipated that the six-membered rings 
in these compounds are relatively ring-strain free, and therefore they 
should be thermodynamically stable. For compounds 63 and 64, this as¬ 
sumption appears to be valid. However, for dodecamethylcyclohexastan- 
nane 66, it has been reported that this compound undergoes facile dispro¬ 
portionation in solution at room temperature to produce an equilibrium 
mixture of 66 and the corresponding live-, seven-, and eight-membered 
cyclopolystannanes, as suggested by n9 Sn NMR spectroscopy (80). In 
this particular case, it is possible that the methyl substituents cannot 
provide the minimum steric barrier required to prevent the bimolecular 
interactions that may be responsible for initiating disproportionation. 

Regarding the three- and four-membered rings of cyclotristannanes and 
cyclotetrastannanes, it is interesting to note that the cyclotetrastannane 
43 is apparently thermally robust in solution to temperatures of at least 
100°C while there is evidence to suggest that the cyclotristannane 17 begins 
to disproportionate in solution above 80°C. This difference in stability is 
in keeping with recent theoretical calculations that predict that, in contrast 
to cyclopropane and cyclobutane, which possess similar strain-energy 
(SE) values, the parent cyclotristannane, (H 2 Sn) 3 , is considerably more 
strained (SE = 36.6 kcal mol -1 ) than the parent cyclotetrastannane, 
(H 2 Sn) 4 (SE = 12.2 kcal mol -1 ) as a result of a greater reluctance of the 
heavier Group 14 elements to engage in the sp hybridization that is required 
for the formation of three-membered rings (87,88). With the cyclotristan¬ 
nane 12, the barriers to disproportionation have now been lowered to the 
extent that this process occurs readily at room temperature (21). In this 
system, it has been unequivocally established that 12 is in rapid thermal 
equilibrium with the distannene 72, according to Scheme 15 as supported 
by both variable-temperature UV spectroscopy (Fig. 12) and ll9 Sn NMR 
spectroscopy. Through this latter method, it was also established that 
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compound 12 can be converted quantitatively to the distannene 72 through 
photolysis at -78°C. 


D. Reactivity 

Depending on the steric bulk of the substituents, cyclopolystannanes 
are stable towards air oxidation to varying degrees. Thus, whereas dodeca- 
methylcyclohexastannane 66 oxidizes almost spontaneously, the dodeca- 



Fig. 12. Electronic spectra showing the conversion of the cyclotristannane 12 to the 
distannene 72. Trace (a) is the spectrum taken after near thermal equilibrium of the cell at 
room temperature, and trace (b) is the spectrum taken after near thermal equilibrium of the 
cell at 90°C. Spectra taken every 2 seconds. Reprinted with permission from Masamune 
and Sita (21). 
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phenyl derivative 63 appears to be indefinitely stable in both solution and 
the solid state. Except for compound 70, all of the cyclotetrastannanes 
reported to date also appear to be stable towards air oxidation as well as 
the cyclotristannanes, 17 and 12, in solid form. However, in solution, 
these latter two compounds slowly oxidize to the corresponding cyclotris- 
tannoxanes 73 and 74, respectively, which have been structurally charac¬ 
terized [Eq. (18), Scheme 16] (21,27). With other chalcogens (S, Se, and 
Te), Puff and co-workers (59) were able to isolate the new compounds 75 
and 76 starting from the cyclotetrastannane 43 according to Eq. (19). 
Interestingly, the product of a chalcogen atom inserting into a single Sn-Sn 
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Scheme 17 


bond of 43 [i.e., compounds 52-54, Eq. (13)] could not be observed. 
Finally, it has been observed that the cyclotetrastannane 70 oxidizes in 
solution to produce the new four-membered ring compound 77, which has 
been structurally characterized [Eq. (20)] (90). 

As noted earlier, the cyclotristannane 12 is a good thermal source for 
the distannene 72, and presumably also for the diarylstannylene 78, R 2 Sn 
(R = 2,4,6-triisopropylphenyl), which is not spectroscopically observed 
but which must be involved in the equilibrium between 12 and 72. Given 
this, several groups have employed 12 as a precursor to 72 and 78 in order 
to study their chemical reactivity. The results of these studies are compiled 
in Scheme 17, which shows that both of these reactive species can be 
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Scheme 18 


trapped by alkynes to produce the stannacyclopropene 79 (97) and the 1,2- 
distannacyclobut-3-ene 80 (92). It has been proposed that the formation of 
this latter compound proceeds via 2 + 2 addition of the distannene 72 
to phenylacetylene. However, the sequential addition of the stannylene 
monomer 78 to the alkyne, followed by insertion of another stannylene 
equivalent into the Sn-C bond of the intermediate stannacyclopropene, 
cannot be ruled out. Indeed, this latter mechanism was previously pro¬ 
posed to account for the formation of both the stannacyclopropene 81 
(93) and the l,2-distannacyclobut-3-ene 82 (94) from the stannylene 15 
according to Scheme 17. Perhaps more compelling evidence for the direct 
addition to the distannene 72 is provided by Weidenbruch and co-workers 
(95,96), who utilized the cyclotristannane 12 once more to generate 72 in 
situ, which was then reacted with various chalcogens, as shown in Scheme 
18. With sulfur, the 1,2-dithiadistannetane 83 was produced, along with 
its isomer 84 (95), whereas with selenium and tellurium, only the corre¬ 
sponding three-membered ring compounds 85 and 86, respectively, were 
isolated (96). 


VI 

Polycyclic Polystannanes 


A. Synthesis 

As late as 1988, there were no known examples of polycyclic polystan¬ 
nanes reported in the literature. However, through the careful fraction¬ 
ation of complex mixtures of products obtained from various oligomeriza- 
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tion reaction processes, a number of colored compounds were isolated, 
characterized, and found to be derivatives of a structurally diverse array 
of polycyclic polystannanes. These studies have been the subject of earlier 
reviews (97), and thus only the salient features will be presented here. 

As shown in Scheme 19, the first example of a polycyclic polystannane, 
the bicyclo[2.2.0]hexastannane 87, was obtained from fractionation of the 


RBr 



Scheme 19 
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mixture of compounds obtained from the reaction of the aryllithium re¬ 
agent 71 with tin dichloride in diethyl ether at 0°C (83). Interestingly, this 
compound was found to be stable towards air oxidation in both solution 
and in the solid state. A more surprising result, however, is the discovery 
that simple thermolysis of the cyclotristannane 17 at 200°C in various 
solvents, such as xylenes, naphthalene, and benzophenone, provides a 
mixture of compounds from which the perstannafl. 1. ljpropellanes 88 and 
89 and the perstanna-[n]-prismanes 90 (n = 4) and 91 (n = 5) can be 
isolated (28,39,98,99). Later it was discovered that the [l.l.l]propellanes 
88 and 89 could also be obtained through reaction of the cyclotristannane 
17 with lithium metal in tetrahydrofuran, as shown in Scheme 19 (39). 
Finally, it has been demonstrated that the pentastanna[l.l.l]propellane 
is a good precursor for the synthesis of the bicyclo[l.l.l]pentastannanes 
92-94 via the reactions shown in Scheme 20 (100,101). 


B. Structural Studies 

Given the unique frameworks associated with the polycyclic polystan- 
nanes shown in Scheme 19, it is fortunate that each of these compounds 
could be obtained in crystalline form and subjected to crystallographic 
analysis. It is also fortunate that, in each case, the parent compounds for 
these frameworks have been the subject of theoretical studies, and this 
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-Sn-Sn 

2.931 2.925 

Scheme 21 


allows then for much-needed correlations between theory and experiment. 
Regarding the bicyclo[2.2.0]hexastannane 87, crystallographic analysis 
provides a mean Sn-Sn bond length of 2.881 A, which is within the 
expected range (83). However, inspection of the individual Sn-Sn bond 
lengths in this molecule reveal how relative differences in nonbonded 
interactions between the organic substituents can severely distort the 
or-bonded framework away from its anticipated C 2v symmetric geometry, 
as shown in Scheme 21. Surprisingly, the bridgehead-bridgehead Sn-Sn 
bond in this compound is the shortest, at 2.818 A, whereas calculations 
predict that it should be the longest, at 2.883 A (102). In this case, it is likely 
that the nonbonded interactions in 87 enforce a “steric compression” of 
the central Sn-Sn bond rather than an elongation, which is their usual 
mode of action. Each of the four-membered rings in 87 are puckered rather 
than planar, and the mean of the Sn-Sn-Sn angles that define these rings 
is 89.9°. Of more important note is the average bond angle between the 
mean planes formed by these rings, which is 132.1° as opposed to the 
corresponding value of 113.6° that is calculated for the parent system. 
This structural discrepancy is once again most likely the result of the 
collaboration between strong nonbonded interactions and small-force con¬ 
stants for Sn-Sn-Sn bond angle deformations. 

[1.1. l]Propellanes are a class of nonclassical structures, since they pos¬ 
sess bridgehead atoms having formally inverted tetrahedral geometries 
that force the four bonds from each of the bridgehead atoms to lie within 
the same hemisphere. Given this configuration, theoretical investigations 
have long sought to determine the stability and reactivity of these molecu¬ 
lar frameworks prior to the availability of representative synthetic deriva¬ 
tives. The isolation and structural characterization of the two per- 
stanna[l.l.l]propellanes, 88 and 89, thus represent a unique opportunity 
to test the accuracy of these predictions. The molecular structure of 88 
is shown in Fig. 13; in the solid state, this compound is chiral, with D 3 
symmetry. Due to hindered rotation about the Sn-C bonds, the 'H NMR 
spectrum of 88 taken at 20°C show multiple resonances due to inequivalen¬ 
cies of the ethyl and phenyl protons, although at 100°C, partial rotations 
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Fig. 13. Molecular structure of the pentastanna[l.l.l]propellane 88. Reprinted with 
permission from Sita and Bickerstaff (28). 


of the phenyl substitutents serve to remove some but not all of these 
inequivalencies, (i.e., the D 3 symmetry is preserved). The mean Sn br -Sn bh 
(br = bridging, bh = bridgehead) bond length in 88 is 2.858 A, whereas 
from the crystal structure of 89, the corresponding value is determined 
to be slightly contracted, at 2.845 A. Most importantly, the Sn bh -Sn bh 
bond length in 88 is 3.367 A, while once again this same value is slightly 
smaller for the heptastannafl. 1. l]propellane 89, at 3.348 A. Both of these 
values are much longer than even that of the distannane 16 (cf. 3.052 A, 
Table I), and it is therefore natural to ask whether these former distances 
allow for true Sn-Sn bonding. In this regard, it is important to point out 
that the crystal structure reported for the bicyclo[l.l.l]pentastannane 93 
reveals that the structural parameters for the tin-bonded framework of 
this compound are virtually identical to those of 88, with a Sn bh -Sn bh 
nonbonded distance of 3.361 A (100). Overall, then, the data tend to sug¬ 
gest that the bridgehead-bridgehead interaction in compounds 88 and 89 
is either nonexistent or very weak at best. This view is supported by recent 
theoretical studies of the parent pentastanna[ 1.1.1] propeUane compound, 
which provide a calculated Sn bh -Sn bh distance of between 3.463 and 
3.495 A and conclude that no “formal” bond connects these two atoms 
(87,103). 

The crystal structures of the perstanna-[n]-prismanes 90 and 91 are 
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(a) 


(b) 




Fig. 14. Molecular structures of the perstanna-[n]-prismanes: (a) compound 90, and (b) 
compound 91. Reprinted with permission from Sita and Kinoshita (98,99). 


shown in Fig. 14. In compound 90 the mean Sn-Sn bond length is 
2.854 A, whereas for compound 91 the mean Sn-Sn bond length within, 
and between, the five-membered rings is 2.856 A. All of the Sn-Sn-Sn 
bond angles in these two compounds are very close to those expected on 
the basis of geometric considerations, and this lends support to the view 
that steric interactions between the 2,6-diethylphenyl substituents are 
minimal and do not contribute to significant distortions of the polystannane 
frameworks. Interestingly, the mean Sn-Sn bond length determined for 
90 is slightly smaller than that predicted for the parent system (104). 


C. Properties and Reactivity 

All of the polycyclic polystannanes reported to date are thermally robust 
in solution to temperatures of at least 200°C. For the bicyclo[2.2.0]hexa- 
stannane derivative 87, this is not too surprising, since the calculated 
strain-energy value for the parent compound is still ca. 12 kcal mor 1 
less than the parent cyclotristannane system (102). However, the parent 
perstanna-[«]-prismanes for n = 4 and 5 are expected to be more ring- 
strained than cyclotristannane (cf. 73.2 and 61.0 kcal mol -1 , respectively) 
(99,104)\ therefore, the thermal stability of the two compounds, 90 and 
91, suggest that these compounds are kinetically stable by virtue of signifi- 



238 


LAWRENCE R. SITA 


cantly high barriers toward Sn-Sn bond dissociation. Although thermally 
robust, the bicyclo[l.l.l]pentastannane 94 has been shown to regenerate 
the pentastanna[ 1.1.1 ]propellane 88 upon photolysis, and the driving force 
for this process has been interpreted as arising from the release of strong 
steric interactions at the bridgehead positions (101). 

All of the polycyclic polystannanes reported to date are visibly colored, 
and their electronic spectra accordingly exhibit low energy-absorption 
maxima. Perhaps the most striking examples are the perstanna[ 1.1.1 ]pro- 
pellanes, 88 and 89, solutions of which are blue-violet and burgundy in 
color, and which show corresponding absorption maxima at X max 558 (e max 
1540) and 528 nm (4541), respectively. A correlation between these absorp¬ 
tion maxima and Sn bh -Sn bh bond length has been used to suggest that a 
significant bridgehead-bridgehead bonding interaction in perstanna[l. 1.1]- 
propellanes does in fact exist. For the two perstanna-[n]-prismanes, 90 
and 91, the electronic spectra are quite different, with unique absorption 
maxima for 90 occurring at X max 275 nm (e max 112,000) and 450 nm (e max 
2,000), while for 91 no distinct absorptions can be discerned [X 270 nm 
(e 83,000), 350 nm (e 6,100)]. The bicyclo[2.2.0]hexastannane 87 is also 
highly colored, with absorptions occurring at X max 307 nm (e max 37,900) 
and 360 nm (13,690). Finally, the bicyclo[l.l.l]pentastannanes 93 and 94 
display significantly different electronic spectra, with the former being 
red-colored and having an unusual absorption maxima at X max 500 nm (e max 
1700) that is absent in the latter. 

Given the unique structures of the polycyclic polystannanes that have 
been isolated to date, these compounds provide an opportunity to explore 
the relationships between structure and n9 Sn NMR parameters. For the 
[l.l.l]propellane 88, the chemical shifts of Sn br and Sn bh occur at 356 
and -1751 ppm, respectively. The values for the coupling constants, 
1 J( ll9 Sn br - l,7 Sn bh ) and 2 J( I19 Sn br - ll7 Sn br ) in this compound are 3975 and 
262 Hz, respectively. Unfortunately 'J( ll9 Sn bn - U7 Sn bh ) could not be ob¬ 
served for this compound. The values obtained above for 88 can be con¬ 
trasted to those determined for the bicyclo[l. 1. l]pentastannane 94 by ,19 Sn 
NMR spectroscopy. In this compound the chemical shifts for Sn br and 
Sn bh are now at -334 and -247, respectively (105), and the values for 
the coupling constants, 'J( ll9 Sn br - 117 Sn bh ), 2 J( ll9 Sn br - ll7 Sn br ), and 
2 J( ll9 Sn bh - ll7 Sn bh ), are 125, 1387, and 7390 Hz, respectively. These latter 
values are fairly unusual, and the large size for 2 J( ll9 Sn bh - ll7 Sn bh ) suggests 
that additive contributions from multiple pathways within a polycyclic 
framework play an important role in determining the magnitude of coupling 
constants in polycyclic polystannanes. The value for the one-bond cou¬ 
pling constant, l J( ll9 Sn br _ ll7 Sn bh ), is small but still within the range ex¬ 
pected on the basis of a bond-length dependence for this parameter. What 
is surprising, however, is that this coupling constant is dramatically tern- 
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perature dependent, starting at a value of 200 Hz at 214 K and decreasing 
to a value of 38 Hz at 373 K. This behavior is quite unusual for a stereo- 
chemically rigid polyatomic molecule. It has been interpreted as arising 
from the increase in nonbonded steric interactions at elevated tempera¬ 
tures, which serve to facilitate a breathing-mode expansion of the bi- 
cyclo[l. 1. ljpentastannane framework and thereby to shift the Sn-Sn bond 
lengths and Sn-Sn-Sn bond angles away from their equilibrium values. 
As a final note concerning the ll9 Sn NMR spectra of polycyclic polystan¬ 
nanes, the spectra for the perstanna-[/i]-prismanes, 90 and 91, reveal chem¬ 
ical shifts for these compounds of 44.3 and -21.3 ppm, respectively. 
For compound 90, the observed coupling constants, 1 J( 119 Sn- ll7 Sn) and 
2 J( ll9 Sn- u7 Sn), have values of 1576 and 1345 Hz, respectively. In com¬ 
pound 91, the coupling constants between tin atoms in different five- 
membered rings are 1 J( II9 Sn- ll7 Sn) = 693 Hz and 2 J( 119 Sn- 117 Sn) = 1224 
Hz, whereas those between tin atoms in the same five-membered rings 
are 'J( 119 Sn- I17 Sn) = 3312 Hz and 2 J( H9 Sn- 117 Sn) = 90 Hz. It is interesting 
to note that in both 90 and 91, the expected 3 J( ll9 Sn- 1,7 Sn) coupling con¬ 
stants are not observed, presumably due to a Karplus correlation between 
dihedral angle and vicinal coupling constants that predicts that the magni¬ 
tude of these particular coupling constants should be near zero due to the 
90° dihedral angle in both molecular frameworks. 

Regarding the chemical reactivity of polycyclic polystannanes, to date 
this subject has not been thoroughly investigated. However, it can be 
anticipated that this will be a rich field for study. In particular, these 
compounds should be interesting starting materials for the synthesis of 
new classes of compounds. Some demonstration of this was shown in 
Scheme 20 by the synthesis of bicyclo[ 1.1.1 Jpentastannanes from the pen- 
tastanna[l.l.l]propellane 88. It has also been shown that both 88 and 89 
can be chemically reduced to the corresponding dianions without cleaving 
any of the Sn-Sn bonds of their polycyclic frameworks. These dianions 
might then serve to generate other compounds through their reaction with 
various electrophiles. Finally, another class of reaction that should prove 
interesting is the insertion of chalcogen atoms into the tin-bonded frame¬ 
works of the perstanna-[n]-prismanes, 90 and 91. 


VII 

CONCLUSION 

From the review of our knowledge regarding polystannanes presented 
here, several points become obvious. First, a wide structural diversity 
for polystannanes does exist. Second, by virtue of the unique properties 
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associated with their Sn-Sn <r-bonded frameworks, polystannanes are an 
important class of compound to study. Finally, there remains several large 
gaps in our knowledge concerning the structure/property relationships 
of polystannanes. However, it remains the hope that as new synthetic 
methodologies are developed, most of these holes will be filled through 
the acquisition and investigation of new derivatives of several different 
structural classes. 
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1.4- Dilithiooctaphenyltetrasilane, 32 
gem-Dilithiooligosilane, 31 

1.5- Dilithiopentasilane, 32 

1.1- Dilithio-silacyclopentadienes, 25 
Dimetallapolyyne complexes, 85, 109 
a,o)-Dimethoxypermethylpolysilanes, 37 
(Dimethylamino)trimethy lstannane ,215, 

216 

5.5- Dimethyldibenzosilole, 25 

1.2- Dimethyl-1,1,2,2-tetrakis(2,4,6- 
triisopropylphenyl)distannane, 194 

1.2- Dimethyltetrakis(2,4,6-triisopropylphe- 
nyDdistannane, 199 
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Diorganotin bisamides, 205, 221 
Diorganotin dichloride, 193 
Diorganotin dihydrides, 205, 221 
a,(u-Diphenylpermethylpolysilane, 35 
Diphenylphosphide, 164 
(2-Diphenylphosphinoethyl)trimethylam- 
monium cation, 179 

1.2- Diphenyltetramethyldisilane, 37 
Diphenyltin, 218 

Direct Process Reaction, 60, 67-68, 69, 
74-75 

1.2- Disilacylcobutane, 40 
Disilanes, 2-4, 10-12, 18 
Disilanyl anions, 26-28, 51-52 
Disilanylene 1,2-dianion, 27 
Disilanyllithium, 11, 26, 27, 40 
Disilanylpotassium, 26 
Disilenes, masked, 38-39 

1, l-Disodio-2,3,4,5-tetraphenyl-I- 
silacyclopentadiene, 24 

1.2- Distannacyclobut-3-ene, 232 
Distannanes, 190-191,210 

mixed derivatives, 198-199 
peralkyl derivatives, 195, 197-198 
peraryl derivatives, 194-197, 200 
properties, 199-203 
reactivity, 203-204 
structure, 194-199 
synthesis, 191-194 
Distannene, 232 

1.2- Dithiadistannetane, 232 
Dodecabenzylcyclohexastannane, 221, 223 
Dodecamethylcyclohexasilane, 26, 32, 

34-36 

Dodecamethylcyclohexastannane, 221, 228 
Dodecaphenylcyclohexastannane, 218, 222 

E 

Electrochemical potentials, metal-alkynyl 
complexes, 89-90 
Electronic spectroscopy 
alkynyl-metal complexes, 84-88 
polystannanes, 199-202, 210-212 
Environmental hazards, methylmetal deriv¬ 
atives, 71 

Ethane, oxidation to alcohol, 169-170 
Ethers, oxidation of, 170 
Ethylbenzene, oxidation to alcohol, 169 
Ethynyl ligands, 100, 101, 139 


Extended-Hilckel calculations, iron-alky- 
nyl complexes, 83 

F 

Fenske-Hall method, iron-alkynyl com¬ 
plexes, 83 

Fluorides, organic, 60 
(Fluorosilyl)lithium, 21, 47 
Formaldehyde, reaction with phosphine, 
165 

G 

Gold-alkyl complexes, 108 
Gold-alkynyl complexes, 89, 108, 

111-113, 119 

Gold-phenylethynyl complexes, 131 
Gold-phosphorus bond, 119 
Grignard reactions, 66-67 
Grignard reagent, 59 

H 

Hafnium-phenylethynyl complexes, 122, 
135, 136 

a-Halosilyl anions, 21 
Heptastanna[ 1.1.1 ]propellanes, 236 
Hexabenzyldistannane, 198, 200 
Hexa(r-butyl)distannane, 198 
Hexakis(2,6-diethylphenyl)cyclotristan- 
nane, 194 

Hexakis(2,6-diethylphenyl)distannane, 194, 
197 

Hexakis(2-methylphenyl)distannane, 203 
Hexakis(2,4,6-triisopropyl- 

phenyl)cyclotristannane, 194 
Hexakis(trimethylsilyl)disilane, 28-29 
Hexamethyldistannane, 200 
Hexa(2-methylphenyl)distannane, 196-197 
Hexa(4-methylphenyl)distannane, 196 
Hexaphenyldisilane, cleavage reaction, 4 
Hexaphenyldistannane, 196, 199-200, 203 
Hexastannanes, 208-210, 211 
Hexa(o-tolyl)disilane, 4 
Homogeneous catalysis 
asymmetric catalysis, 179-181 
chiral sulfonated phosphines, 179-181 
cobalt-cyanide complexes, 171-172 
supramolecular-medium effects, 181-182 
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tertiary phosphine complexes, 172-174 
TPPMS complexes, 174-175 
TPPTS complexes, 175-178 
TPTS complexes, 178-179 
transition-metal halides, 167-171 
Homolytic cleavage, metal-carbon bond, 
158 

Hydroformylation 
propene, 175-176 

tertiary phosphine complexes as cata¬ 
lysts, 173-178 
Hydrogenation 
alkenes, 171-172 
propionaldehyde, 178 
tertiary phosphine complexes as cata¬ 
lysts, 173-175, 178-179 
Hydrogen-deuterium exchange, 167 
Hydrosilane, enantiomeric, 6 
Hydrosilyl anions, 17 
Hydrostannolysis reaction, 191, 205, 215, 
221 


lodomethyl diplatinum(III) complex, 
162-163 

Iridium, alkyl halide complex, 62 
Iridium-phenylethynyl complexes, 

127-128, 132, 137, 138 
Iridium-TPPMS complex, 175 
Iron, reaction with alkyl halides, 73 
Iron-alkyl complexes, 108, 110 
Iron-alkynyl complexes, 83-84, 89, 99, 

104, 108, 110, 115, 119-120 
Iron-phenylethynyl complexes, 123-124, 
134-136 

K 

Kinetic stabilization, 204 

L 

Leaching, metals by alkyl bromides, 

71-74 

Lead-sodium alloy, in preparation of tetra¬ 
ethyllead, 68-69 
Linear polystannanes 
properties, 210-214 
reactivity, 214-215 


structure, 208-210 
synthesis, 205-208 

1-Lithio- l-r-butyl-2,3,4,5-tetraphenylsila- 
cyclopentadiene, 23 
l-Lithio-2,6-diethylbenzene, 221 
5-Lithio-5-methyldibenzosilole, 25 
l-Lithio-l-methyl-2,3,4,5-tetraphenylsila- 
cyclopentadiene, 24 
Lithium, reactions 

with 1 -chloro-2-[p-(dimethylamino)phe- 
nyl]tetramethyldisilane, 36 
with chlorodisilane, 35-36 
with l-chloro-2-phenyltetramethyldisi- 
lane, 35-36 

with dichlorodisilane, 27 
disilane cleavage with, 2-4 
with dodecamethylcyclohexasilane, 26, 
32, 34-36 

Lithium diphenylphosphide, 164 
Lithium-phenylethynyl complexes, 122 
Lithium sila-enolate, 22 
Lithium tetrakis(trimethylsilyl)aluminate, 
13 

Luminescence, metal-alkynyl complexes, 
88 

M 

Magnesium-alkyl halide reaction, 66-67 
Manganese-alkyl complexes, 108, 110 
Manganese-alkynyl complexes, 108, 110, 
114-115 

Manganese-phenylethynyl complexes, 

123, 136 

Masked disilenes, anionic polymerization, 
38-39 

Metal-alkyl compounds, M-C bond dis¬ 
tances, 105-112 

Metal-alkyl halide complexes, 62 
Metal alkyls 

in aqueous solution, 155-156 
alkylchromium(III) complexes, 
156-160 

alkylcobalt(III) complexes, 160-162 
alkylplatinum(III) complexes, 162-163 
metal-carbonyl complexes, 163-164 
M-C bond distances, 105-112 
Metal-alkynyl complexes, 79, 139-140 
bonding, 80-82 

electronic spectroscopy, 84-88 
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molecular-orbital calculations, 83-84 
Mossbauer spectroscopy, 89 
NMR spectroscopy, 81, 89 
photoelectron spectroscopy, 83-84 
vibrational spectroscopy, 120-139 
X-ray crystallography, 90-120 
luminescence, 88 
terminal complexes, 90-99, 103 
Metal-alkynyl redox congeners, M-C 
bond distances, 115-116 
Metal-carbon bond, 105-116, 136-137 
homolytic cleavage, 158 
Metal-carbon monoxide complexes, 114 
Metal-carbonyl complexes, in aqueous so¬ 
lution, 163-164 

Metal-cyano complexes, 81, 112-114 
Metallabutadiyne complexes, 87, 109-110 
Metal-phenylethylene complexes, 122-138 
Metals 

corrosion in seawater, alkyl halides and, 
71-74 

reactions with alkyl halides, 59, 61-63, 
65-69 

addition of water, 70-71 
Direct Process Reaction, 67-68, 69, 
74-75 

Grignard reaction, 66-67 
surface adsorption of alkyl halides, 
63-65, 73 

Methane, oxidation to methanol, 170 
(Methoxysilyl)sodium, 20 
Methylarsonic acid, 72 
[(2-Methyl-2-butenyl)diphenylsilyl] 
cuprate, 43 

Methylchlorosilanes, Direct Process Reac¬ 
tion, 67-68, 69, 74-75 
Methylcobalamin, 155 
Methylmercuric derivatives, 71 
Methylmetal derivatives, environmental 
hazards, 71 

Methylnickel(IV) compounds, 63 
Methylsilicon(II) chloride, 68 
Molecular-orbital calculations, alky- 
nyl-metal complexes, 83-84 
Molybdenum, reaction with benzyl bro¬ 
mide, 73 

Molybdenum-alkyl complexes, 108 
Molybdenum-alkynyl complexes, 85, 100, 
108, 115 


Molybdenum-phenylethynyl complexes, 
122, 135, 136 

Monoenes, diene hydrogenation to form, 
171-172 

Monosulfonated triphenylphosphine, see 
TPPMS 

Mossbauer spectroscopy, alkynyl-metal 
complexes, 89 

N 

Naphthalene, reduction reaction, 14 
Nickel 

alkyl halide adsorption on, 63-64 
reaction with benzyl bromide, 73 
Nickel-alkynyl complexes, 87, 89 
Nickel-phenylethynyl complexes, 128, 
135, 137 

NMR spectroscopy 
alkynyl-metal complexes, 81, 89 
polystannanes, 202-203, 212-214, 
216-217, 227-228, 238 
sily) anions, 7-9, 26-27, 48-49 
Nonamethylcyclopentasilanyl-potassium, 
33 

Nonaphenyltetrasilanyllithim, 32 
Nonasilane, 32 

O 

Octabutyltristannane, 205 
Octa(f-butyl)tristannane, 207 
Octaphenylcyclotetrasilane, 32 
Oligosilanes, 18 
cyclic, 32 
linear, 33, 36 

Oligosilanyl anions, 32-33, 37 
Oligosilanyllithiums, linear, 31-32 
Organic fluorides, 60 
Organic halides, 59-60, 74-75 
adsorption on metal surfaces, 63-65, 73 
nonsynthetic applications, 69-74 
physical properties, 60-61 
reaction with metals, 61-63, 65-69 
addition of water, 70-71 
Direct Process Reaction, 67-68, 69, 
74-75 

Grignard reaction, 66-67 
Organochromium(IU) complexes, 160 
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Organotin trihydrides, 215 
Osmium chloride, as catalyst, 170 
Osmium-phenylethynyl complexes, 125, 
136 

Oxidation reactions, alkanes, 169-170 


P 

Palladium, 64, 72-73 
Palladium-alkyl complexes, 108 
Palladium-alkynyl complexes, 87, 89, 108, 
111 

Palladium(II) catalysts, 170, 171, 182 
Palladium chloride-TPPMS complex, 175 
Palladium(O) complexes, 182 
Palladium-phenylethynyl complexes, 128, 
132, 135, 137, 138 
Pentastannanes, 208, 209, 211 
Peralkyl cyclopolystannanes, 218 
Peralkyl distannanes, 195, 197-198, 202 
Peralkylsilyl anions, 11, 12 
Peraryl cyclohexastannanes, 218 
Peraryl distannanes, 194-197, 200 
Permethylpentastannane, 215, 216 
Perstanna-[n]-prismanes, 234, 236-237, 239 
Perstanna[l.l.l]propellanes, 235, 236 
l-Phenyl-7,8-disilabicyclo[2.2.2]octa- 
2,5-dienes, 38 

Phenylethynyl-chromium complexes, 122, 
135, 135 

Phenylethynyl-cobalt complexes, 125-126, 
137 

Phenylethynyl-gold complexes, 89, 108, 
111-113, 119 

Phenylethyny 1-hafnium complexes, 122, 
135, 136 

Phenylethynyl-iridium complexes, 

127-128, 132, 137, 138 
Phenylethynyl-iron complexes, 123-124, 
134-136 

Phenylethynyl ligand, 89, 116, 121 
Phenylethynyl-manganese complexes, 123, 

136 

Phenylethynyl-metal complexes, 122-138 
Phenylethynyl-molybdenum complexes, 
122, 135, 136 

Phenylethynyl-nickel complexes, 128, 135, 

137 


Phenylethyny 1-osmium complexes, 125, 

136 

Phenylethynyl-palladium complexes, 128, 
132, 135, 137, 138 

Phenylethyny 1-platinum complexes, 
128-131, 132, 135, 137, 138 
Phenylethynyl-potassium complexes, 122 
Phenylethynyl-rhodium complexes, 
126-127, 134, 135, 137 
Phenylethynyl-ruthenium complexes, 
124-125, 136 

Phenylethynyl-tin complexes, 122, 135. 

136 

Phenylethynyl-tungsten complexes, 
122-123, 134-136 

Phenylethynyl-vanadium complexes, 122, 
136 

Phenylethynyl-zinc complexes, 122, 135, 
136 

Phenylnonamethylcyclopentasilane, 37-38 
Phenyloligosilanes, action of lithium metal, 
31 

Phenylsilyl anions, structure, 7-9 
Phenylsilyl group, 41 
(Phenylsilyl)lithium, 8, 28 
Phosphine, reaction with formaldehyde, 

165 

Phosphines, tertiary, see Tertiary phos¬ 
phines 

Phosphinites, 164 
Phosphites, 164 

Phosphorus, reaction with alkyl halides, 72 
Phosphorus-gold bond, 119 
Photoelectron spectroscopy, alkynyl-metal 
complexes, 83-84 

Platinum, alkylplatinum(lll) complexes, 
162-163 

Platinum-alkyl complexes, 108 
Platinum-alkynyl complexes, 87-89, 108, 
111, 113, 117-118, 139 
Platinum chloride-TPPTS complex, 
176-177, 183 

Platinum-chlorine bond, 117-118, 119 
Platinum complexes, catalysis of alkane re¬ 
actions, 167-170 

Platinum-phenylethynyl complexes, 
128-131, 132, 135, 137, 138 
Polycyclic polystannanes 
properties and reactivity, 237-239 
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structure, 234-237 
synthesis, 232-234 
Polymerization 

anionic, masked disilenes, 38-39 
ring-opening, cyclopenta- and cyclote- 
trasilanes, 37-38 
Polysilanes, 190, 210, 212 
cyclic, 37 

permethylated polycyclic, 33 
synthesis, 34-37 
Polysilanyl anions, 25-39, 52 
Polysilanyllithiums, 26 
Polystannanes, 189-190 
branched polystannanes, 215-217 
cyclopolystannanes, 217-232 
distannanes, 190-204 
linear polystannanes, 205-215 
polycyclic polystannanes, 232-239 
spectroscopy 

electronic, 199-202, 210-212 
NMR, 202-203, 212-214, 216-217, 
227-228, 238 
vibrational, 199-202 

Potassium-phenylethynyl complexes, 122 
[l.l.lJPropellanes, 235,238 
Propene, hydroformylation, 175-176 
Propionaldehyde, catalytic hydrogenation, 
178 

Pulse radiolysis, metal alkyls, 158, 162 

R 

Redox congeners, 115-116 
Rhenium-phenylethynyl complexes, 123, 
136 

Rhodium hydrogenation catalysts, enantio¬ 
meric, 180 

Rhodium-phenylethynyl complexes, 
126-127, 134, 135, 137 
Rhodium-tertiary phosphine complex, 179 
Rhodium-TPPMS complex, 174-178 
Rhodium(III) TPTS complexes, 178 
Rhodium triphenylphosphine, 176 
Ring-opening metathesis polymerization, 
170, 171 

Ring-opening polymerization, cyclopentasi- 
lanes and cyclotetrasilanes, 37-38 
ROMP, see Ring-opening metathesis poly¬ 
merization 

Ruthenium-alkyl complexes, 108 


Ruthenium-alkynyl complexes, 104-105, 
108, 110-111, 114, 117 
Ruthenium-carbon bond, 88-89, 104, 114 
Ruthenium chloride, as catalyst, 170 
Ruthenium-phenylethynyl complexes, 
124-125, 136 

Ruthenium(II)-tertiary phosphine com¬ 
plex, 179 

Ruthenium-TPPMS complex, 175 
Ruthenium-TPTS complexes, 178 

S 

Schomaker-Stevenson equation, 106 
Semiconductors, 69, 70 
Silacyclopentadienide anions, 22-25 
Sila-enolate, 21-22 
Silicon, Direct Process Reaction, 60, 
67-68, 69, 74-75 

Silicon-alkynyl complexes, 101-102, 104, 
116-117 
Silole, 22 
Siloxysilene, 22 
Silver 

alkyl halide adsorption on, 64 
reaction with alkyl halides, 72 
Silyl anions, 1-2, S3 
alkylsilyl anions, 11-16 
arylsilyl anions, 3-11 
definition, 1 

functionalized, 16-25,51 
a-heteroatom-substituted, 17 
list of, 50-52 
metal-free, 3 

NMR data, 7-9, 26-27, 48-49 
polysilyl anions, 25-39 
preparation, 2-3 
synthetic applications, 39-45 
theoretical study, 45-46 
Silylcadmium, preparation, 3 
Silyl-cobalt compound, 2, 4-5 
Silylcopper, preparation, 3 
Silylcuprate, 3, 31, 40-43 
Silylene, as intermediate in Direct Process 
Reaction, 67-68 
Silylenoids, 47 
Silyllithium, 46-47 
allyl-bearing, 5 
optically active, 6 
polysilane redistribution with, 35 
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preparation, 2, 4-5 

reaction with chlorosilane, 10-11 

tin-substituted, 31 

Silylmagnesium, preparation, 2, 4-5 
Silylmagnesium reagent, 36-37 
Silylmanganese reagent, 36-37 
Silylmercury, preparation, 3 
Silylmercury compounds, 6, 12 
Silylpotassium, 2, 5, 17 
Silylsodium, 2, 46 
Silylstannanes, 43 
Silylzinc, preparation, 3 
l-Sodio-l-/-butyl-2,3,4,5-tetraphenylsila- 
cyclopentadiene, 23 
Sodium 2-bromoethylsulfonate, 164 
Sodium-lead alloy, in preparation of tetra¬ 
ethyllead, 68-69 
Sodium-tin alloy, 69 
Spectroscopy 

alkynyl-metal complexes, 83-89, 
120-138 

polystannanes, 199-203, 210-214, 
216-217, 227-228,238 
Stannacyclopropene, 232 
Stannylene, 232 

Stereochemistry, arylsilylreactions, 10-11 
Supercritical water, 184 
Supramolecular-medium effects, homoge¬ 
neous catalysis, 181-182 


T 

Terminal metal-alkynyl complexes, 90-99, 
103 

Tertiary phosphines, in aqueous solution, 
164-166 

Tertiary phosphine-transition metal com¬ 
plexes, 166 
chiral, 179-181 

hydroformylation, catalytic, 173-178 
hydrogenation, catalytic, 173-175, 
178-179 

1,1,2,2-Tetraalkyldistannanes, 193 

Tetraalkyllead compounds, 60 

Tetra(f-butyl)tin, 192 

Tetraethyllead, industrial synthesis, 68-69 

Tetrakis(trialkylsilyl)disilene, reduction re¬ 
action, 28 

Tetrakis(trimethylsilyl)silane, 28 


Tetralithiosilane, 17 
Tetramethyldiphenyldisilane, 25 
Tetramethyltetraphenylcyclotetrasilanes, 
37 

Tetramethyltin, preparation, 69 
1,1,2,2-Tetraorganodistannanes, 205 
Tetrasilane, 36-37 
Tetrastannanes, 205-211 
Tin-phenylethynyl complexes, 122, 135, 
136 

Tin-sodium alloy, 69 
Tin-tin bond, 203-204, 209-210, 222-223, 
235 

Titanium-alkynyl complexes, 84 
TPPMS, 173 

TPPMS complexes, 174-175 
TPPTS, 163-164, 173-174 
TPPTS complexes, as hydroformylation 
catalysts, 175-178 

TPTS complexes, as hydrogenation cata¬ 
lysts, 178-179 

Transition-metal carbonyls, 163-164 
Transition-metal halides, homogeneous ca¬ 
talysis, 167-171 

Transition metals, alkyl halide complexes, 
62 

Trialkylcalconium ions, 72 
Trialkylgallium, 69 
Trialkylindium, 69 

l,3,5-Triaza-7-phosphaadamantane, 179 
Tri-fm-butylsilylsodium anion, 13-14 
Tri(/-butyl)tin chloride, 192 
Trichlorohydrosilane, 3 
Trichlorosilane, 21 
Trichlorosilyl anion, 21, 44 
Trichlorosilyllithium, 20-21 
Trimethylaluminum, preparation, 69 
Trimethylsilyl anion, 13-14 
Trimethylsilylethynyl complexes, 101, 
116-117 

Triorgano(iV-phenylformamido)tins, 205 
Triorganotin hydrides, 205 
Triphenylchlorosilane, 3, 4 
Triphenylphosphine, sulfonation, 164 
Tris(dimethylsilyl)silyUithium, 28 
Tristannanes, 205-211 
Tris(trimethylsilyl)silyllithium, 28 
Trisulfonated triphenylphosphine see 
TPPTS 

Tungsten-alkyl complexes, 108 



254 


Index 


Tungsten-alkynyl complexes, 85, 89, 108, 
110, 112, 113 

Tungsten-phenylethynyl complexes, 
122-123,134-136 

V 

Vanadium-alkynyl complexes, 89, 112, 

113 

Vanadium-phenylethynyl complexes, 122, 
136 

Vibrational spectroscopy 
alkynyl-metal complexes, 120-139 
polystannanes, 199-202 
Vitamin B, 2 , 161-162 

W 

Water 

alkyl halide-metal reaction, 70-71 


as solvent, 155-156 
supercritical water, 184 
Water-gas shift reaction, 177 


X 

X-ray crystallography, alkynyl-metal com¬ 
plexes, 90-120 


Z 

Zinc, reaction with alkyl halides, 73 
Zinc-phenylethynyl complexes, 122, 135, 
136 

Zirconium-alkyl complexes, 108, 109 
Zirconium-alkynyl complexes, 108, 109 
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